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Oil palm (	

) produces over five times more oil/year/hectare than 
oil seed rape and accounted for 33% of world vegetable oil production in 2011. Being a 
cross"pollinated perennial tree crop with long breeding cycles (typically 12 years) and a 
large planting area requirement (usually 143 palms/hectare), utilization of molecular 
technology could greatly improve the efficiency of oil palm breeding. In the present study, 
various approaches were used to develop molecular markers for genetic linkage mapping 
and QTL analysis, with the ultimate goal of marker"assisted selection in oil palm.  
Firstly, Representational Difference Analysis (RDA) and Amplified Fragment 
Length Polymorphism (AFLP) were coupled with Bulked Segregant Analysis (BSA) to 
try to identify marker(s) closely linked to the important shell"thickness gene. A novel 
combination of RDA with Roche 454 pyrosequencing enabled a more comprehensive 
study of the enrichment profiles compared to Sanger sequencing. Identification of >35% 
redundant sequences, repetitive sequences and organelle DNA suggested that subtractive 
hybridization and target enrichment of RDA were inefficient here, with the lack of 
elimination of common sequences masking the real difference products.  The use of the 
AFLP method identified 29 primer pairs that yielded 49 putative shell"thickness related"
polymorphic bands. A detailed analysis will need to be carried out to fully evaluate and 
validate these markers.   
The use of the relatively new Diversity Array Technology “Genotyping"By"
Sequencing” (DArTSeq) platform through genotyping of two closely"related 
 self"
pollinated F2 populations, 768 (n=44) and 769 (n=57), generated a total of 11,675 
ii 
 
DArTSeq polymorphic markers of good quality. These markers were used in the 
construction of the first reported DArTSeq based high"density linkage maps for oil palm. 
Both genetic maps consist of 16 major independent linkage groups (total map length of 
1874.8 and 1720.6 cM, with an average marker density of one marker every 1.33 and 
1.62 cM, respectively), corresponding well with the 16 homologous chromosome pairs of 
oil palm (2
 = 2 = 32; 14/16 chromosomes were confirmed by known location SSR 
markers). Preliminary quantitative trait loci (QTL) mapping of the yield and vegetative 
growth traits detected four significant and 34 putative as well as two significant and 30 
putative QTLs for these small 768 and 769 populations, respectively. No common 
significant QTL were detected between the two closely"related controlled crosses which 
could have allowed combination of QTL across the two populations. 
Saturation of the shell"thickness () region with all available DArTSeq markers, 
as well as map integration around the  regions for both populations, identified 32 
Single Nucleotide Polymorphism (SNP) and DArT markers mapped within a 5 cM 
flanking region of the gene. Homology search of the DArTSeq marker sequence tag 
(64 bp) against the recently published oil palm genome assembly confirmed that 23 out of 
the 32 (72%) DArTSeq markers were located on the p5_sc00060 scaffold in which the 
 gene was identified. The identified shell"thickness markers could be useful as 
molecular screening tools. This study demonstrated the potential and feasibility of using 
genomic resources available for genetic improvement of oil palm breeding programmes. 


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2.1   Oil Palm 
Oil palm, Jacq, is an important tropical perennial oil crop and 
presently the most productive oil crop in the world per year per hectare. Oil palm belongs 
to the family , tribe  and subtribe . The genus name, 
 is derived from the Greek word , meaning oil while the species name, 
 is attributed to the discovery of the tree by Jacquin in the Guinea coast 
(Jacquemard, 1998).  
There are two species of oil palm (Corley and Tinker, 2003). The American oil 
palm, can be found in tropical countries of Central and South America 
while the African oil palm, , is native to west and central Africa, in a 
region spanning ±10 º latitude of the equator. It is postulated that both the African and 
American oil palm originated from Gondwanaland which disappeared when the 
American and African continents drifted apart in prehistoric times (Zeven, 1965). 
2.1.1  The oil palm plant 
Oil palm is a tall plant with an unbranched stem topped by 35060 pinnate fronds. 
A  mature palm can live up to more than 100 years, but, it is commonly grown for 25030 
years before being replanted as the palm becomes too tall to be harvested economically 
(Sambanthamurthi 
, 2009).  
Oil palm is monoecious with male and female flowers on separate inflorescences 
on the same plant. The life cycle of male and female flowers fluctuates between four and 
six months, varying according to genotype and environment (Purseglove, 1972). Every 
	
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month a palm can produce one to two fruit bunches (female phase) or one to two male 
inflorescences. Inflorescences start to appear when the palm reaches maturity at two to 
three years old (Soh 
, 2003).  Detailed investigation has however shown that each 
flower primordium consists of both male and female organs (Beirnaert, 1935). Sex 
differentiation occurs at the fourteenth month of florescence initiation in which stigmas 
are suppressed in the male flowers while stamens are underdeveloped in the female 
flowers (Hartley, 1988). When both organs develop fully, it gives rise to a hermaphrodite 
flower. These are common in young plants and during the transitional phase of the floral 
cycle.  
Anthesis and receptivity of male and female inflorescences happens about two 
month after emergence (Soh 
, 2009). Pollen is usually shed within five days after 
anthesis and remains viable up to six days. Pollen can be stored as oven0dried pollen in 
the freezer for about six months or as freeze0dried pollen in vacuum0sealed ampoules in 
the freezer up to 24 months (Soh  
, 2003). Male inflorescence can produce large 
amount of pollen, about 30040 g of pollen for each inflorescence (Rajanaidu ., 2000). 
Meanwhile, female flowers are receptive for 36048 hours after anthesis with stigma 
exuding moisture to trap pollen grains (Latiff, 2000).  The ratio of female to total 
inflorescences is defined as the sex ratio, an important factor in yield processes. Higher 
sex ratio indicates higher yield. Sex ratio diminishes with age; young palms can have a 
sex ratio as high as 98% and decrease to 35% in older palms (Latiff, 2000). Sex ratio is 
influenced by genetics and environmental factors such as fertiliser application, planting 
densities and availability of water (Broekmans, 1957; Corley, 1977 and Latiff, 2000).  
	
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The oil palm fruit is a sessile drupe varying in shape and length. The weight of 
each fruit varies from 3 to over 30 g. The fruit changes colour from dark purple or black 
to reddish0brown when ripe. It consists of three different layers, the soft oily mesocarp or 
pulp, the shell, and the endocarp or kernel (Figure 2.1). The seed is the remaining part 
after the mesocarp has been removed from the fruit; it contains only the shell and the 
kernel.  
 
Figure 2.1: Picture of oil palm fruits and its different layers   
 !

2.1.2   The shellthickness gene and fruit types 
Oil palm is a diploid (2n=32) and has a genome size of around 1.8 billion base 
pairs (Bennett and Smith, 1991). It is believed that majority of the traits of agronomic 
importance are polygenic. Of the limited number of monogenic traits that have been 
identified, shell0thickness is the most important. Shell0thickness is controlled by a single 
locus, with two alleles,  and , showing co0dominant expression (Beirnaert and 
Vanderweyen, 1941) (Figure 2.2). Oil palms are classified into three fruit types, , 
 and , according to this trait.  
	
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Figure 2.2: Monogenic inheritance of shellthickness gene. " x " 
#$%	"$
&
	''(!
 
Homozygous  () has fruits with a shell thickness of 2 to 8 mm and 
reduced oil0bearing mesocarp. & () with the absence of shell and mesocarp 
content of 95% might seem to be the ideal planting material. However, it is usually 
female sterile as its pistillate inflorescence tends to abort during development and hence 
cannot be used commercially or bred as a female parent. Heterozygous  () is 
produced by the cross of  as mother palm and  as pollen donor. It produces 
fruit with thinner shell, varying from 0.5 to 4 mm, and a greater proportion of mesocarp. 
In  fruit, 30% of the shell in a  is replaced by mesocarp which contributes to a 
30% increase in oil yield compared to  fruit (Corley and Lee, 1992). Therefore, it is 
the most commercially cultivated oil palm type. ) hybridization of  gene against 
	
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fruits between 1 to 5 weeks after anthesis (WAA) detected strong hybridization signal in 
outer layer of developing kernel of  fruit, as opposed to weak signal in the mesocarp 
of both  and  fruits (Singh 
, 2013b), indicating the earliest stages of shell 
formation. Characteristics of the three different fruit forms were presented by 
Sambanthamurthi 
 (2009) and are reproduced in Table 2.1. 
Table 2.1: Characteristics of ,  and 	
	 fruit forms. 
Fruit form characteristics (D) (T) 	
	(P)
Shell thickness (mm) 208 0.504 Shell0less 
Fiber ring  Absent Present Absent 
Mesocarp to fruit ratio (%) 35055 60096 95 
Kernel to fruit ratio (%) 7020 3015  
Oil to Bunch (%) 16 26  
(Source: Sambanthamurthi , 2009) 
Although shell0thickness is under monogenic control, the overlapping of the shell0
thickness ranges in  and  has lead to the postulation that the thickness of the 
shell is also modified by minor genes (van der Vossen, 1974). Okwuagwu and Okolo 
(1992, 1994) suggested that there is a kernel0inhibiting factor that is closely linked to the 
shell0thickness gene and mainly maternally0inherited. With the overlapping shell0
thicknesses of  and fruits, the ultimate criteria for classifying fruit form is the 
presence of a fiber ring around the shell in  fruit, where mesocarp has formed, 
rather than shell.     
2.1.3  Economic importance of oil palm 
Among all vegetable oils, palm oil has the greatest versatility in terms of usage 
(Henderson and Osborne, 2000; Edem, 2002). Oil palm was exploited commercially at 
the beginning of the twentieth century, as a substitute to animal fat in the production of 
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candle wax, soap and margarine (Rival, 2007). Oil palm plantations were initiated by 
European colonists in Southeast Asia and Africa to ensure a steady supply of oil.  
A unique property of oil palm lies in the fact that its fruit produces two types of 
oil, the orange0red palm oil from the mesocarp and the clear yellowish palm kernel oil 
(Soh 
, 2003). Palm oil and palm kernel oil differ in their fatty acid composition, thus 
they have different uses. Palm oil and its refined derivates, olein and stearin, are the main 
commercial products of oil palm. The majority of palm oil is used as food (90%). 
Refining, fractionation and hydrogenation make a wide range of edible palm oil products 
available to the market (Yusof, 2007). Palm olein is mostly used in cooking oils, 
margarines and salad oils due to its low melting point, whereas stearin with its higher 
melting point is used for shortening, vanaspati and bakery oils (Corley and Tinker, 2003). 
Additionally, 10% of palm oil production is used in the oleochemical industry. 
Carbon chains of palm oil are easily degradable when they enter the natural environment. 
Palm oil is an environmental friendly oleochemical substitute for mineral oils. Palm oil, 
as with the other vegetable oils, is also used as a biofuel (Corley and Tinker, 2003). The 
Malaysian Palm Oil Board (MPOB) has been working on palm oil methyl esters as a 
diesel fuel (Ong ., 1990; Choo and Cheah, 2000). The fuel works well with lower 
carbon emission. But its acceptability is very much dependent on the comparative price 
of petroleum oil and palm oil. Palm kernel oil is a competitor for coconut oil. Both are 
the main source of short0chain fatty acids in the world trade.  Palm kernel oil is mostly 
used in the oleochemical industries.  
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Palm oil contains 50% saturated fatty acids which majority of them are palmitic 
and stearic that appear to be neutral in their cholestrolemic behaviour (Khosla and 
Sundram, 1996).  Palm oil is being promoted as “balanced” oil (having equal saturated 
and unsaturated fatty acids) and 0free, with many temperate oils requiring 
hydrogenation before they can be used in margarine: trans0fats being a side product of 
catalytic hydrogenation has been shown to be detrimental to health (Wahle and James, 
1993; Ascherio, 2002). Palm oil is one of the 17 edible oils which were accepted and 
certified in meeting the FAO/WHO food standard requirement under the CODEX 
Alimentarius Commission Programme (CODEX Alimentarius vol. XI). Apart from that, 
palm oil also contains carotenes (pro0vitamin A), tocopherols and tocotrienols (Pro0
vitamin E) that was found to have antioxidant, anti0cancer and cholesterol lowering effect 
(Nesaretnam  
, 1988; Gutherie  
, 1990; Gutherie  ., 1997; Ong and Goh, 
2002). All these beneficial health properties have added value to palm oil as edible oil.  
2.1.4   Development of oil palm industry 
From its origin in Central and West Africa, cultivation of oil palm has spread 
throughout Southeast Asia, Gulf of Guinea in Africa and tropical America with the 
current leading plantation areas in Malaysia and Indonesia. In 2007, the global area 
planted with oil palm reached 11 million hectare, with around 70% of the plantations 
belonging to smallholders (Rival, 2007).  
In 1848, four African 
  seedlings were planted in Bogor Botanic 
Gardens, Indonesia by the Dutch with two seedlings came from botanic garden in the 
Netherlands and another two from Mauritius (Hartley, 1988). However, progenies of the 
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four palms were quite similar, suggesting they may have originated from the same palm 
or region in West Africa.  
Plantations in the East Indies (Indonesia, Malaysia) were started by European 
colonists using the progenies of the four palms, laying the foundation of the oil palm 
industry in Southeast Asia. The seedlings, which had thick0shelled fruits or  (D) fruit 
form, were distributed to the plantations in Deli province in Sumatra and then to 
Malaysia (Rosenquist, 1986). From these, the uniform, high oil yielding Deli  was 
developed as the commercial planting material from 1911 until the early 1960s.  
Meanwhile in Africa,  fruit were of poor quality and the natural occurrence of 
thin0shelled  had led to the early concentration on T x T material for commercial 
planting in the 1930s. However, by 1938 as much as 25% of sterile palms were found in 
these  commercial plantings. An examination of Beirnaert on 29,154 palms in 
Yangambi has shown that 24.3% were , not significantly different from the 
expected 25% segregation ratio of a single gene. Examination of D x T crosses showed 
that there were no , and majority of crosses gave segregation ratio close to 50:50 
of :  progenies (Corley and Tinker, 2003). In 1956, Pichel reported that several 
hundred hectares of D x P crosses in Congo were 98% , being the first large0scale 
confirmation of  production from D x P crosses.   
With the understanding of the monogenic inheritance of shell gene by Beirnaert 
and Vanderweyen (1941), thin0shelled  with thicker mesocarp were brought into 
Southeast Asia from West Africa and rapidly became the essential planting material. 
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However Deli  is still considered the best  and hence widely used for seed 
production in breeding programmes (Rajanaidu 
, 2000). 
With the fast growth of world population and the increase in demand for 
vegetable oil, the oil palm industry has expanded tremendously over the years. Oil palm 
is currently the most productive oil crop with an average yield  of around 4 tonnes of 
palm oil/hectare (ha)/year as compared to less than one tonne/ha/year for other oil crops, 
including soybean (*+,), sunflower (-) and rapeseed ( 
) (Yusof, 2007) (Table 2.2). World production of palm oil surpassed that of 
soybean oil in 2005 (Figure 2.3) (MPOB, 2011). In 2009, 45 million tonnes of palm oil 
were produced worldwide, constituting 27.5% of the total of world’s oils and fats 
production (MPOB, 2011).   
Table 2.2: Oil productivity of major oil crops in 2007. 
Oil Crop Production 
(million 
tonnes) 
Average Oil yield  
(tonnes/ha/year ) 
Planted Area 
(million ha) 
% of total 
area 
Palm Oil 38.5 3.62 10.55 4.76 
Soybean 36.96 0.40 94.15 42.52 
Sunflower 10.78 0.46 23.91 10.80 
Rapeseed 18.48 0.68 27.22 12.29 
(Source: Lam , 2009) 
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Figure 2.3: World production of palm oil, palm kernel oil and soybean oil from the 
years 1999 to 2009 [Source: Oil world Annual (199902009) and MPOB, 2011]. 
In terms of production cost, oil palm is the cheapest oil to produce among all 
vegetable oils, although it is very labour intensive with all harvesting currently carried 
out manually. For 2007, the production cost of palm oil was USD 228 per tonne in 
Malaysia compared to USD 400 for soybean oil in the United States and USD 648 of 
rapeseed oil in Canada, a price that was more than double that of palm oil (Lam ., 
2009). This is further supported by the fact that oil palm has the highest output to input 
energy ratio, 9.6 to that of 2.5 and 3 for soybean and rapeseed, respectively (Figure 2.4) 
(Wood and Corley, 1991).  The ratio of output to input energy generally gives an 
indication on how much energy is required (input energy, including fertilizer, milling and 
others) to produce a certain amount of energy (energy content in the oil). This means that 
oil palm requires less fertilizers, pesticides and fuel for machinery per unit production of 
oil when compared to soybean and rapeseed oil.  
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Output/Input Oil Palm Rapeseed Soybean 
GJ/ha 9.6 3.0 2.5 
Figure 2.4: Comparison of energy output to input ratio of oil palm, soybean and 
rapeseed oil (Source: Wood and Corley, 1991; Lam ., 2009). 
Growing on less than 5% of the world’s agricultural land and cheapest in term of 
production cost, oil palm, however, accounts for almost 28% of the global market share 
for edible oils production.  
2.1.4.1  The oil palm industry in Malaysia 
In 1953, Department of Agriculture (DOA) Malaysia started the first D x P 
plantings in the country by crossing the  pollen imported from Nigeria with Deli 
 to create D x P progenies (Kushairi ., 1999). These progenies were found to 
perform better than those of Deli  progenies. Planting of D x P materials were 
quickly adopted by local oil palm industry. Collaboration between DOA and Harrisons & 
Crossfield (now Golden Hope Plantations) found that AVROS  from Sumatra had 
excellent general combining ability (GCA) with the Deli  (Kushairi  ., 1999). 
Since then, the Deli  x AVROS  has become the most common planting 
material in Malaysia and worldwide.  
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After World Word II, tremendous development of the oil palm industry was 
achieved in Malaysia (Corley and Tinker, 2003). Today, the oil palm plantation area has 
increased from 54,000 hectares in 1960 to 4.85 million hectares, an expansion of more 
than 800fold with Sabah the largest oil palm planted state, accounting for 29% of the total 
planted area (Yusof, 2007; MPOB, 2011). In the past few years, the Malaysian industry 
has started to look for joint ventures in other countries owing to the difficulty in finding 
suitable sites and the rapidly increasing cost of labour, together with a scarcity of 
plantation workers in Malaysia. This tremendous expansion of Malaysia’s oil palm 
industry indicates the economic importance of this crop to the country as well as the 
growing world demand for palm oil.  
At present, Malaysia is the world’s predominant exporter of palm oil. It exports 
45.8% of world needs, while Indonesia, the second largest palm oil exporter, exports 43% 
(MPOB, 2011). Even though Indonesia has grown to be the biggest world producer of 
palm oil in recent years, Malaysia would continue to be the leading exporter due to its 
lower domestic consumption compared to Indonesia.  
In Malaysia, palm oil and palm oil0based products are the second largest exports 
revenue earner after electrical and electronic products; it has a total combined value of 
RM62.9 billion (approximately £12 billion) and contributed 9.8% to total exports in 2010 
(Department of Statistics Malaysia, 2011). It is therefore clear that oil palm industry 
brings enormous revenue to the country and plays a crucial role in the economics of 
Malaysia.  
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2.1.5  Oil palm breeding 
 Oil palm is a naturally cross0pollinated perennial tree crop. Consequently, the 
industry has adapted breeding methodologies developed in maize as well as in animal 
breeding. Major oil palm breeding programmes adopt one of the two basic methods; the 
modified recurrent selection scheme (MRS) that is commonly practiced by programmes 
in the Far East influenced by Unilever plantations group and the modified reciprocal 
recurrent selection scheme (MRRS) that is practiced by programmes mainly in West 
Africa and Indonesia advised by CIRAD (Centre de Co0operation Internationale en 
Recherche Agronomique pour le Development, France) (Soh  
, 2003; Soh  ., 
2009).  
In the MRS,  (D) are selected based on family and individual palm 
performances, thus the method is also called family and individual selection (FIS) 
(Rosenquist, 1990). &(P) being female sterile are selected based on their 
(T) sib performance in the T x T/P family. The selected Ps are then crossed with a 
number of selected Ds to form a D x P progeny test. If the mean performance of the D x 
P or T progenies from a P is high, the P is regarded to have a good GCA. This breeding 
scheme only emphasizes GCA effects, but not specific combining ability (SCA). Both the 
selected Ds and Ps are then used in commercial D x P seed production. The advantage of 
this scheme is that more recombinant crosses can be done within a shorter time, saving 
space and effort needed for extensive progeny0testings. The main disadvantage is that the 
D parents have not been progeny0tested and that the GCA effects expressed within the 
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parental D x D and T x T crosses may not be reflected in their D x P hybrid performance 
(Soh, 1999; Soh and Hor, 2000).  
 In MRRS, both the D and T parents are identified through the performance of 
their D x T progeny test. The D and T parents of the best individual crosses in the 
progeny testing are selfed or sibbed; the resulting D and P palms are used for commercial 
seed production. To save time, selfs and sibs of the parents are made and planted 
simultaneously as the progeny test crosses. This scheme exploits both the GCA and SCA 
effects. The main drawback is the requirement of large experimental areas to test the D x 
P crosses and selfs/sibs. To produce 304 million commercial seeds from the top 15% of 
crosses, about 500 crosses and 180 selfs have to be planted over 600 haectares and 
evaluated over 15025 years (Soh, 1999).  
Oil palm has a long generation cycle. The fruit bunch takes about 5 month after 
controlled pollination to develop and become ripe. Seed germination takes around 1000
120 days, including a heat treatment of 40060 days, followed by 10012 months in the 
nursery. The plant will start to bear fruits after 203 years of transferring the seedlings to 
field (Mayes  ., 2008). Only then the fruit type can be identified and recording of 
bunch yield and bunch analysis be initiated. As a result, from the date controlled 
pollination is performed, it takes at least 8 to 10 years before recording is complete and 
palms can be selected for next cycle of breeding.  
Rival (2007) has highlighted several problems that oil palm breeding faces. These 
are (a) the duration of each generation and selection cycle (10012 years) necessitating 
vast experimental areas; (b) limited knowledge of the genetic diversity and degree of 
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heterozygosity of the material tested; (c) the complex phenotypic expression of the 
desirable quantitative characters; and (d) the impossibility of determining at the nursery 
stage the variety (//) of individuals to be planted.  
Confirmation of fruit form earlier at the nursery stage using molecular marker(s) 
for shell0thickness gene is important. For example, only 50% of  are expected 
from a T x P crosses. If the identity of P can be confirmed at the nursery stage, only P 
may be transferred to the field, breeding and testing of P can be performed in a more 
focused and cost0effective manner. 
2.1.6   The illegitimacy problem 
In the oil palm industry, the confirmed parentage of the oil palms is of great 
importance, particularly in breeding programmes and seed production. This can be 
achieved via controlled pollination with pollen collected from the male inflorescence and 
crosses made on isolated female inflorescences with tight bagging to ensure no 
contamination. The identity of the resulting bunch and seeds need to be recorded clearly 
throughout the whole process of germination, growing in nursery and lastly transfer to the 
field (Corley and Tinker, 2003).  
In the field,  contamination in a commercial D x P cross can be kept below 
1% with good quality control during controlled seed pollination. However, with the 
introduction of pollinating weevil, . /+, from its natural home in 
Africa to the Far East in the early 1980s, illegitimacy became a severe problem with 
contamination rate as high as 20% (Rao  
, 1994). Stricter controls have been 
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introduced to circumvent this problem, yet contamination still occurs occasionally 
(Kushairi and Rajanaidu, 2000).  
In addition, there are also illegal seed suppliers in the market who sell fake ‘high 
quality’ seeds. Many smallholders still plant palms grown from unselected seed picked 
up from existing plantings. Report suggests that 40% of smallholders in Ivory Coast had 
planted unselected T x T seeds (Cheyns 
, 2001). This is expected to give rise to 25% 
of sterile  and 25% of , hence yield will be at least 30% below that expected 
from D x P material. The mixture of  and  seed also interferes with the 
efficiency of the extraction mills. 
The fact that oil palm is a long duration crop and requires large planting areas of 
148 palms per hectare (Soh  . 1990), illegitimate seed could be devastating to the 
plantation companies. Contamination problems in any crosses cannot be identified until 
the palms start fruiting and the fruits form can be confirmed. This can lead to the loss of 
resources and/or reduced yield return, which is highly undesirable.    
With the advent of molecular markers, it is possible to detect pollination errors in 
different crosses. A simple application of marker0assisted selection (MAS) is extremely 
valuable where individual progeny can be selected using genetic markers related to shell0
thickness while they are still in the nursery, allowing only palms with correct fruit forms 
to be field0planted. Besides, this molecular marker can also be incorporated into any 
breeding programme where palms with desirable fruit form and other traits of interest can 
be selected. This can significantly reduce the time and planting cost as well as improve 
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resource allocation. Therefore identification of markers close to shell0thickness gene and 
other traits of interest is of important.  
2.2   Molecular markers                 
Development of biotechnology tools has revolutionized plant research, 
particularly in the area of molecular breeding. Molecular breeding is a concept in which 
conventional breeding is assisted by molecular markers (Rafalski and Tingey, 1993). In 
order to achieve marker0assisted selection (MAS), the location or relative distances of a 
particular marker from the specific trait of interest can be determined by genetic 
mapping, assuming that the marker inherits different allelic forms that can be 
distinguished from the parents. The inheritance of these forms can be compared with the 
inheritance of the trait and strong association may allow the marker to act as a surrogate 
for the trait in future generations. The main advantage of MAS is that plant can be 
selected early, even before the trait of interest is expressed and this in turn can greatly 
reduce the time required to bring new varieties to the market (Mazur and Tingey, 1995). 
 Genetic markers represent genetic differences between individual organisms or 
species. Genetic markers can be divided into three major categories: (1) morphological 
(or phenotypic) markers; (2) biochemical (protein) markers; and (3) DNA0based 
molecular markers (Winter and Kahl, 1995). Morphological markers are visually 
detectable plant characteristics such as seed colour, shape and size, flower colour, growth 
habits or pigmentation. Protein markers are analysed as isozymes, allelic forms of 
enzymes, which can be separated by molecular weight or isoelectric point on 
electrophoresis gel. However, both of these markers
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These include: limited numbers of markers in most populations and dependence of 
phenotype or isoenzymes on environmental conditions or the development stage of the 
plant (Kunert 
, 2001; Collard 
, 2005).  
 DNA0based molecular markers are the most widely used markers due to their 
abundance. These markers are practically unlimited in number and are generally 
independent of environmental conditions, organ specificity and/or the developmental 
stage of the plant. Molecular markers usually do not have any biological effect and are 
transmitted by the standard laws of inheritance from one generation to the next. DNA 
markers are only useful when they can reveal the differences between individuals of the 
same or different species, termed polymorphism. Polymorphic markers can be further 
characterised as dominant or co0dominant. Dominant markers are either absent or present 
while co0dominant markers allow discrimination of homozygotes and heterozygotes 
(Collard  
, 2005; Mondini  
, 2009). There are currently many types of DNA0
based molecular markers systems available for agricultural research, such as Restriction 
Fragment Length Polymorphism (RFLP; Beckman and Soller, 1986; Tanksley  
, 
1989; and Kochert, 1994), Random Amplification of Polymorphic DNA (RAPD; Welsh 
and McClelland, 1990; Williams 
, 1990; Penner, 1996), Amplified Fragment Length 
Polymorphism (AFLP; Zabeau and Vos, 1993; Vos  
, 1995); Simple Sequence 
Repeats (SSR)/microsatellites (Powell  
, 1996; Taramino and Tingey, 1996; 
McCouch  
, 1997) and Single Nucleotide Polymorphism (SNP; Wang  
, 
1998;Beutow  
, 1999; Marth  
, 1999). A comprehensive comparison of the 
advantages and disadvantages of these marker systems was presented by Mondini 
 
(2009) and is reproduced in Table 2.3.  
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Table 2.3: Advantages and disadvantages of commonlyused DNA marker systems. 
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2.2.1  Restriction Fragment Length Polymorphism (RFLP) 
 Restriction fragment length polymorphism (RFLP) was the first molecular marker 
applied to genome mapping projects (Botstein 
, 1980). The technique relies on the 
ability of certain bacterial endonucleases to recognize and cleave DNA at specific 408 
bases palindromic sequences, generating numerous fragments of various lengths, the 
number of which depends on the number of recognition sequences present in a given 
genome (Winter and Kahl, 1995). Restriction endonucleases are extremely sensitive to 
their recognition sequences in which even a single base change will completely abolish 
the recognition and cleavage of the DNA at that site. Therefore any DNA sequence 
change such as single nucleotide mutations, small insertions, deletions or DNA 
rearrangements within the recognition sequence will cause the loss or gain of restriction 
sites to generate RFLPs (Nguyen and Wu, 2005). In RFLPs, digested DNAs are separated 
by size using gel electrophoresis and they are then transferred to a membrane and 
detected by hybridizing the immobilised DNA with labelled and denatured DNA probes. 
The probes used for hybridization can be genomic DNA, cDNA or expressed sequence 
tag (ESTs) (Hoeltke 
, 1995; Mansfield 
, 1995). 
 RFLP markers are co0dominant, relatively high polymorphic and reproducible, 
thus transferable among laboratories. Despite its usefulness, this technique requires large 
amount of high quality DNA, depends on the development of probe, and is time 
consuming, labour0intensive and expensive (Mondini  
, 2009). PCR0based RFLP 
technique, known as CAPS (cleaved amplification polymorphic sequence), has been 
introduced to improve the detection of RFLP, avoiding the time0consuming Southern 
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Blotting step and enabling rapid and high throughput analysis (Lyamichev 
, 1993). 
However, each CAPS marker must be developed from known sequence. 
 Being the first generation of DNA0based molecular marker, RFLPs have 
contributed to the construction of genetic maps in plants (Helentjaris 
, 1986, Chang 

, 1988, McCouch 
, 1988) as well as identification of markers linked to genes of 
interest (Sarfatti  
, 1989; Barone  
, 1990; Klein0Lankhorst  
, 1991) in the 
early days. The first genetic map of oil palm was constructed by Mayes  
 (1996) 
using RFLP markers.  
2.2.2  Random Amplification of Polymorphic DNA (RAPD) 
 The invention of the Polymerase Chain Reaction (PCR) by Mullis  
 (1986) 
has led to an exponential development of PCR0based molecular markers, the second 
generation of molecular markers. Random Amplification of Polymorphic DNA (RAPD) 
was the pioneer of PCR0based markers.  The basis of RAPD is the PCR amplification of 
genomic DNA using short primers, usually 8010 bp, of arbitrary sequence. RAPD detects 
DNA polymorphism produced by rearrangement or deletions at or between 
oligonucleotide primer binding sites in the genome (Williams  
, 1990). The 
advantages of this technique are it requires no prior knowledge about the genome being 
analysed, can be employed across species using universal primers, minute amounts of 
DNA needed, highly polymorphic and can be easily detected on ethidium bromide0
stained agarose gels. However the use of short primers has contributed to the major 
limitation of RAPD as short primers has relatively low annealing temperatures. This 
reproducibility problem happens not only among laboratories but also can happen within 
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a laboratory (Jones
, 1997; Penner 
, 1993). RAPD markers cannot distinguish 
heterozygous and homozygous individuals, due to its dominant nature (Mondini  
, 
2009).  
 Nevertheless, the quick, simple and efficient nature of RAPD analysis has played 
a role in high density genetic mapping in many plant species (Kiss 
, 1993; Torres 

, 1993; Hemmat  
, 1994) as well as marker identification for disease resistance 
genes (Martin 
, 1991; Paran 
, 1991; Adam0Blondon 
, 1994). 
2.2.3  Amplified Fragment Length Polymorphism (AFLP) 
Amplified fragment length polymorphism (AFLP) was initially a DNA 
fingerprinting method developed by Vos  
 (1995)
 The technique is patented by 
Keygene NV (Wageningen, The Netherlands) (Zabeau and Vos, 1993).  AFLP is a 
method that employs PCR0based selective amplification of restriction fragments from a 
digest of total genomic DNA. There are four basic steps in the AFLP technique: (i) 
digestion of extracted genomic DNA; (ii) ligation of oligonucleotide adaptors; (iii) PCR 
amplification of adaptors0ligated DNA fragments using primers which sub0sample the 
product pool of fragments available; and (iv) gel analysis of DNA fragments (Figure 2.5).  
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Figure 2.5: Schematic flow chart of the four basic steps of AFLP: digestion, ligation, 
amplification and gel analysis. *+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In the classical AFLP analysis, genomic DNA is digested with two restriction 
enzymes, a rare0cutting enzyme with 60 to 80 base recognition in combination with a 
frequent0cutting enzyme of 40base recognition. The high degree of specificity of 
restriction enzymes results in the production of a reproducible set of DNA fragments. 
Double0stranded adaptors (10030 base pairs long) are ligated to the ends of DNA 
fragments using T4 DNA ligase. AFLP adaptors consist of a core sequence and an 
enzyme0specific sequence that is complementary to the sticky ends of the corresponding 
restriction site. AFLP adaptors are designed in such a way that initial restriction site is not 
restored after ligation, allowing simultaneous restriction and ligation. With these 
reactions performed in the same tube, any fragment0to0fragment product is restricted 
while adaptor0to0adaptor ligation is prevented as the adaptors are not phosphorylated. 
These two features ensure that adaptors are ligated to virtually all restriction fragments 
(Blears 
, 1998). 
Selective amplification of DNA fragments is achieved using primers 
complementary to the adaptor and restriction site sequence with additional selective 
nucleotides at their 3’0end. Only template fragments with complementary nucleotides 
extending beyond the restriction site will be amplified under stringent annealing 
conditions. Therefore only a subset of all possible templates is amplified and the number 
of amplified fragment is reduced approximately four0fold with each additional selective 
nucleotide, assuming a random base distribution (Vos 
, 1995). The length and nature 
of the base extension on the 3’0end of the primers can be manipulated to generate 
fingerprints of the desired complexity.  The nucleotide extensions at the 30end of the 
primers serve two purposes: (i) a variety of restriction fragment subsets can be amplified; 
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and (ii) additional possibilities of polymorphism can be detected beyond the restriction 
itself (Blears 
1998). 
Two0step amplification is generally involved in AFLP fingerprinting analysis of 
complex genomes (1080109 bp). The first PCR amplification, named pre0amplification, is 
performed with primers having a single or no selective nucleotide and these primers are 
not radioactively or fluorescently0labelled. PCR products from pre0amplification are 
diluted and used as templates for the second amplification reaction using primers having 
more selective extensions. Pre0amplification reduces the overall complexity of mixture 
up to 160fold if a single selective base is used on each primer, reducing the background 
noise. Selective amplification with three selective bases in each primer leads to final 
amplification of only 1/4096 of fragments in the mixure (Blears  
, 1998; Liu and 
Cordes, 2004).  
Polymorphism can be detected by electrophoretic separation of the amplified 
fragment on a denaturing polyacrylamide gel. Typically, the primer corresponding to the 
rare0cutter will be labelled radioactively or with a fluorescent dye to allow detection of 
the amplified fragments (Vos  
, 1995). Polymorphism happens when there are (i) 
mutations in the restriction sites, (ii) mutations in the sequences adjacent to the restriction 
sites and complementary to the selective primer extensions, and (iii) insertions or 
deletions within the amplified fragments (Savelkoul ., 1999).  
The AFLP technique offers several advantages. This technique can be applied to 
any DNA samples regardless of the origin and complexity with no prior sequence 
information needed. Only a small quantity of genomic DNA is needed (102 Sg) and it is 
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found to be insensitive to template concentration (Vos 
, 1995). The AFLP technique 
is reliable and robust as stringent conditions are used for primer annealing; this technique 
combines the reliability of RFLP with the power of the PCR technique. AFLP is easier to 
perform than RFLP as tedious manipulations of southern blotting hybridization used for 
RFLP studies is not needed for AFLP (Valsangiacomo  
, 1995). The markers 
produced by AFLP technique are also reliable and reproducible within and between 
laboratories (Blears  
, 1998). In plants, AFLP analysis has been found to be more 
informative than RAPD and RFLP analysis (Powell 
, 1996; Russell 
, 1997). 
Despite its high reproducibility and reliability, the AFLP technique has its own 
disadvantages. In general, the polymorphism level of AFLP is lower than that of other 
molecular techniques, such as RFLP and SSR. However, AFLP markers show the highest 
marker effective multiplex ratio; the ability to analyse a large number of polymorphic 
loci simultaneously (Ridout and Donini, 1999; Varshney ., 2007). AFLP can produce 
up to four times more polymorphic loci per primer combination than RAPD, RFLP and 
SSR system (Mba and Tohme, 2005).  This characteristic feature of AFLP marker system 
confirms the highly informative value of the technique.  Another major disadvantage of 
AFLP is scoring of presence and absence of AFLP bands yields dominant markers (Mba 
and Tohme, 2005). Nevertheless, AFLP fragments of the same size from different 
individuals that show obvious differences in intensity can be quantified to be co0
dominant markers (Meudt and Clarke, 2007). Intensity differences are predicted to be 
positively correlated with allelic copy number (van Eck 
, 1995; Piepho and Koch, 
2000). Special software is required for accurate quantitation of band intensity to 
differentiate homozygotic and heterozygotic for co0dominat scoring (Savelkoul  
, 
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1999; Meudt and Clarke, 2007) and poorly amplified samples could give incorrect calls 
between one or two copies.  
Since its publication in 1995, AFLP has been used extensively in many studies in 
plants and, more recently, for animals, fungi and bacteria, spanning numerous disciplines 
in genetics, evolution and ecology (Meudt and Clarke, 2007). AFLP has been used for 
DNA fingerprinting of prokaryotes and eukaryotes, construction of high0density 
molecular linkage maps as well as genetic diversity studies in animals and plants, and 
positional cloning of genes of interest. AFLP is also useful for characterisation and strain 
identification of bacteria and fungi, as well as eukaryotic pathogens of plants and animals 
(Blears 
, 1998; Savelkoul 
, 1999; Meudt and Clarke, 2007). In plants, the AFLP 
technique has four major applications, (i) genetic analysis and variety identification; (ii) 
germplasm management; (iii) indirect selection of agronomically important traits; and 
(iv) marker0assisted backcross breeding.  
2.2.4  Simple Sequence Repeat (SSR)  
 Simple Sequence Repeat (SSR) (Tautz 
, 1986), also known as microsatellites 
(Litt and Luty, 1989), are tandem repeats of short DNA sequence, typically 106 bases in 
length, that are widespread in all prokaryotic and eukaryotic genomes analysed to date 
(Zane , 2002). Plant genomes are rich in AT repeats whereas the AC repeat is more 
common in animal genomes (Lagercrantz  
, 1993).  Microsatellites are present in 
both coding and noncoding regions and distributed throughout the nuclear genome. 
Besides nuclear SSR, there are also mitochondrial (mtSSR) (Soranzo  
, 2001; 
Rahendrakumar 
, 2007) and chloroplastic SSRs (cpSSR) (Provan 
, 2001; Chung 
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
, 2006).  In plants, microsatellites frequency is inversely correlated with the genome 
size, but the percentage of repetitive DNA was reported to be the same in coding regions 
(Morgante 
, 2002) 
SSR polymorphism mainly derives from variability in amplified fragment length, 
which in turn depends on the number of repeat units contained by alleles at a given locus. 
SSR are assayed by PCR amplification using the unique sequences of flanking region as 
primers. The PCR protocol of SSR can employ either unlabelled primer pairs or primer 
pairs with one labelled primer. Analysis of unlabelled PCR products can be carried out 
using 3% agarose gel stained with ethidium bromide or on a 6% polyacrylamide gel. 
Concentrated agarose gel is only suitable for SSR PCR products that differ in size by at 
least 10 bp. Polyacrylamide gel electrophoresis using labelled primer or silver staining of 
unlabelled products is more suitable for detection of polymorphism less than 10 bp 
(Nguyen and Wu, 2005), with a thin (0.4 mm) 6% denaturing polyacrylamide sequencing 
gel having the greatest resolution (102 bp). Fluorescence dyes offer several advantages 
over other labelling methods which include longer shelf life of fluorescent compound 
than radioisotopes, safer and easier to handle as well as faster detection and higher 
sensitivity (Nguyen and Wu, 2005). Multiplexing can be achieved using different 
markers with different dyes analysed in a single gel lane and/or PCR products of different 
size with the same dye analyzed in the same lane. Nevertheless, it can be very costly to 
fluorescently0label one of the primers in all primer pairs and a ‘poor0man’ approach has 
been introduced (Schuelke, 2000). In this approach, the forward primer is designed such 
that the M13 sequence is added at the 5’0end and the fluorescent dye is incorporated 
separately into a ‘M13 primer’. The fluorescently0labelled M13 primer, the forward 
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primer with the M13 tail and reverse primer are all added into a single PCR reaction.  The 
tagged forward and normal reverse primers are incorporated to give the specific product, 
before the limited forward0tag primer runs out. The PCR reaction is continued by the 
M13 primer which now primes the reaction from the 5’0M13 tag already incorporated, 
incorporating fluorescent dye at the same time into the product. With this technique, one 
single fluorescent dye0labelled M13 primer can be used for all primer pairs, an 
inexpensive alternative especially beneficial to small research groups. Therefore, 
fluorescently0based genotyping system using a sequence analyser has been widely 
adopted in recent years.  
 SSRs are a highly popular molecular marker in most areas of molecular genetics 
due to their co0dominant inheritance, ubiquitous occurrence, multi0allelic nature, high 
reproducibility, small locus size, ease of accessing size variation through PCR with 
flanking primers and the requirement of low amounts of DNA. SSRs are also excellent 
markers for fluorescent techniques, multiplexing and easily automated for high 
throughput screening (Agarwal 
, 2008). However the development of microsatellites 
is tedious, costly and requires extensive knowledge of DNA sequence information which 
can be of major obstacle for the majority of species, particularly minor, underutilized 
crop species. Large scale isolation of microsatellites in plant is also cumbersome due to 
relatively low frequency of microsatellites in plant genomes compared to animal 
genomes (Powell 
, 1996). EST projects of several plant species for gene discovery 
have generated a wealth of publicly available sequence data; these data can be utilized for 
identification of SSRs, referred to as EST0SSRs. Generation of EST0SSRs is relatively 
easy and cheap, although limited to those species or close relatives for which there is 
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sufficient number of ESTs available (Varshney  
, 2005a). This is particularly true 
with the development of Next Generation Sequencing (NGS) to generate transcriptome 
data (Zalapa 
, 2012). 
Among all the different molecular techniques, SSR has been the most extensively 
exploited class of markers. The advent of new technologies has not affected the use of 
SSR. Application of microsatellite in plants can be categorized into 4 groups, (i) genome 
mapping; (ii) cultivar identification and marker0assisted selection; (iii) genetic diversity 
and phylogenetic studies; and (iv) population and evolutionary studies (Wang  
, 
2009; Kalia 
, 2011).  
Genome mapping is an area where SSR are heavily exploited. Together with other 
marker systems, SSRs have been applied for genetic mapping of many different plant 
species, including trees, major and minor crops, fruits and vegetables, ornamentals and 
turf grass (Wang  
, 2009). Comparative mapping using SSR has been successfully 
performed in many plant species and this facilitates our understanding of evolutionary 
processes as well as identification of “linkage block” and gene syntenies which will in 
turn lead to DNA markers development for marker0assisted selection and/or cross species 
homologous cloning  (Wang  
, 2009; Kalia  
, 2011).  SSR markers have also 
been used to anchor and construct physical maps of soybean (Shultz  
, 2007; 
Shoemaker  
, 2008) and Arabidopsis (Wang  
, 1997) which is important for 
assembly of genome DNA sequences and positional cloning.  
Transferability of SSR markers to related species, particularly from major species 
to minor species, has enabled construction of genetic maps in minor crops and 
	
   
42 
 
improvement of chromosomal regions as well as study of genetic diversity and 
phylogenetic relationship of many minor species (Wang 
, 2009). SSR markers from 
barley have been employed for generation of genetic linkage map for rye and wheat 
(Varshney 
, 2005b) whereas the genetic diversity of USDA : germplasm 
and its phylogenetic relationship with the genus 0++ were assessed using SSR 
markers derived from #, cowpea (@) and soybean (Wang 
, 
2009). 
Microsatellites markers have been used in many areas of oil palm study. Billotte 

 (2001) first reported the development and characterisation of microsatellite markers 
from oil palm and the use of these SSR for genetic diversity of the genus  as well as 
phylogenetic studies across palm taxa. From there, the same research group  published 
the first high density map of oil palm using SSR markers from oil palm and coconut 
(Billotte  
, 2005) and performed QTL analysis on SSR0based multi0parent linkage 
mapping in oil palm (Billotte 
, 2010).  
SSR markers have also been employed for genome analysis and DNA 
fingerprinting of oil palm tissue culture clones as a means of quality control (Singh 
, 
2007). Development of EST0databases has further enabled the mining of SSRs. SSR 
markers derived from a small collection of ESTs have been shown to be useful for 
genetic analysis of 
  germplasm (Singh  
, 2008a). Further work on a 
larger collection of ESTs has also developed more informative SSR for genetic diversity 
studies between 
 and 
 germplasm as well as transferability across 
palm taxa (Ting 
, 2010). Recent publications also included SSR derived from tissue 
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culture ESTs (Low 
, 2008) and ESTs from cDNA libraries of developing vegetative 
and reproductive tissues (Tranbarger 
, 2012). 
2.2.5  Single Nucleotide Polymorphism (SNP) 
 Single nucleotide variation that occurs in the genome sequence of individuals of a 
population is known as SNP. SNPs are the new generation of markers. They are the most 
abundant molecular markers in any organism; they can reveal hidden polymorphism that 
cannot be detected by other markers and methods. SNPs are widely distributed 
throughout genomes although they are more widespread in the non0coding regions of the 
genome (Mondini  
, 2009). Theoretically, SNP can produce up to four alleles, 
containing either one of the four bases, A, T, C, and G. Practically, bi0allelic SNPs are 
more prevalent and most often it is either the two pyrimidines C/T or the two purines A/G 
(Kahl 
, 2005). Although the Polymorphic Information Content (PIC) of SNP is not 
as high as multi0allelic microsatellites, this limitation is balanced by their sheer number; 
therefore SNPs will be marker of choice in future.  
 Various methodologies have been applied for discovery of SNPs in the plant 
genome. These include discovery of SNPs from EST libraries, array analysis, re0
sequencing of PCR amplicons and also using Next0Generation Sequencing (NGS) 
approach (Ganal 
, 2009). Numerous EST databases have been generated for many 
plant species. SNPs are a free by0product from these expanding databases with SNP 
being screened using bioinformatics tools, although they also need to be validated in the 
lab. The low quality of EST sequences has impeded the identification of true SNPs with 
validation rate published so far of only 50085% (Batley 
, 2003; Yamamoto  
, 
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2005). The basis of SNP identification using arrays with short oligonucleotides is that 
they very sensitive to sequence variation, especially when the variations are located in the 
middle of the oligonucleotide. This approach can cover many genes (1,000020,000) in 
one go without expression level bias but the false discovery rate is very high, 25050% 
(Ganal 
, 2009).  
 Amplicon resequencing is the most direct way of SNP discovery. It involves PCR 
amplication of DNA fragments from several lines. The PCR products are then fully 
sequenced and the resulting sequences are aligned and compared for SNP identification 
(Rafalski, 2002). SNPs identified using this approach is highly reliable with a false rate of 
less than 5% (Ganal 
, 2009). The limitations of this technique are mainly the cost 
and it is a tedious technique. Advancement in sequencing technology has accelerated the 
discovery of SNPs. SNPs can be directly mined from sequenced genome but only applied 
to major crops that have been fully sequenced, such as Arabidopsis (The Arabidopsis 
Genome Initiative, 2000), rice (A: ; International Rice Genome Sequencing 
Project, 2005), maize (B+; Schnable 
 2009), soybean (Schmutz 
, 2010), 
to name a few, with the latest addition of tomato (+ +; The Tomato 
Genome Consortium, 2012).  
 Over the years, SNPs technology has advanced and been employed extensively in 
the field of human and animal genetics study. However, the research into SNPs in plant 
genomes has been slower and mostly focused on major crops that are economically more 
important. SNPs are useful for high density genetic mapping, QTL analysis, association 
studies, germplasm characterisation, molecular breeding and population studies in plants 
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(Rafalski, 2002). With the falling costs and increased accessibility of genotyping 
technologies, SNPs markers have also been utilized to expand the resolution and 
throughput of genetic analysis in less0domesticated plant species such as cowpea 
(Muchero  
, 2009), grapevine (@; Myles 
, 2010) and cottonwood (&
; Wegrzyn 
, 2010).  
2.2.6  Representational Difference Analysis (RDA) 
RDA was first published by Lisitsyn 
 (1993) to study the differences between 
two complex genomes. It is a technique in which subtractive hybridization and selective 
amplification are used to isolate the unique DNA fragments present in one DNA sample 
but absent from another (Figure 2.6). 
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Figure 2.6: Schematic flow of Representational Difference Analysis (RDA). %
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RDA belongs to a common class of DNA subtractive hybridization techniques in 
which one DNA sample (tester) is mixed with an excess of another DNA sample (driver), 
so that the common sequences in tester form hybrids predominantly with the driver, 
thereby enriching “target” sequences that are unique to the tester (Lisitsyn 
, 1993; 
Lisitsyn and Wigler, 1995). Traditional subtractive hybridization was found to have two 
major problems when applied to complex genomes. The first problem was incomplete 
reassociation due to genome complexity. Target sequences usually are unique sequences 
with their reassociation is normally slow and not going to completion (Lewin, 1994). 
This impedes isolation of the unique sequences. The second problem was insufficient 
enrichment of target sequences. Although subtractive hybridization can be repeated for a 
few rounds, the total enrichment of target sequences is usually only about 1000fold 
(Wieland 
, 1990) and only relatively long or abundant sequences (representing 0.10
1% of the genome) can be purified using this method. Purification of smaller target 
sequences is not favoured, particularly from complex genomes.  
The above limitations can be circumvented by an RDA approach that has two 
additional components: representation and kinetic enrichment. Representation refers to 
any means of reproducibly generating a subset of DNA fragments, reducing the sequence 
complexity (Lisitsyn, 1995). According to Lisitsyn and Wigler (1995), at least a 100fold 
reduction in mammalian genome complexity is required for success in subtractive 
hybridization. This can be achieved by digestion of the genomic DNA with a restriction 
endonuclease, ligation to a defined set of oligonucleotide adaptors and subsequently 
amplification of the DNA fragments with PCR. Smaller fragments, below 1 kb, would be 
more effectively amplified than large fragments, generating a subpopulation of small 
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restriction fragments called amplicons.  Several different restriction endonucleases can be 
used to sample the whole genome.  
After the construction of tester and driver amplicons, adaptors are removed and a 
new set of adaptors is linked to the tester amplicons only. PCR amplification is applied 
for selective enrichment of the double0stranded tester. Excess driver DNA acts as a 
competitive inhibitor for self0reannealing of those common sequences found in both 
tester and driver. Therefore only target sequences that are present in tester alone can self0
reanneal and subsequently be enriched selectively at an exponential rate in the PCR 
reaction. These hybridization and kinetic enrichment steps can be repeated to achieve 
sufficient target enrichment. Lisitsyn (1995) revealed that a combination of subtraction 
and kinetic enrichment leads to the high degree of target0sequence purification, more than 
1070fold after three rounds. 
RDA does not require any prior knowledge of the location of the gene of interest 
nor the availability of a pre0existing genetic map. It also offers the advantage of 
providing exact sequence information about the final differences product. Additionally, 
Oh 
 (2007) suggested that a complexity of about 5 x 108 base pairs of DNA can be 
screened in each subtraction of RDA, which is greater than can be accomplished by other 
techniques.   
RDA was first applied to detect genetic lesions in tumor (Lisitsyn  
, 1993; 
Lisitsyn 
, 1995) and since then has been widely exploited for oncology (Kaneda 

, 2003; Hollestelle and Schutte, 2005; Chung  
, 2008) as well as other medical 
studies (Kornblum and Geschwind, 2001; Shiao 
, 2005; Kisielow and Cebrat, 2007; 
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Chang 
, 2008; Molenaar 
, 2009.) Given its robustness, the RDA technique has 
been successfully applied to a variety of organisms. These include viruses (Lammens 

, 2009), bacteria [&+  (Choi  
, 2002); .
+ (Xie 
, 2009)], plants [soybean (Ling 
, 2003); rice (Park 
, 
2007; Sperotto  
, 2008); tomato (Kok  
, 2007); Pea (&+ +; Li  
, 
1998); liver wort (# +; Fujisama  
, 2001)] and animal studies 
[marsupials (Brown  
, 2008); dog ( ; Everts  
, 2000); rat (; 
Toyota  
, 1996)]. It can be used to identify genomic deletions, rearrangements, 
insertion, amplification or point mutation between any two complex genomes.  
In plants, the Cullis group from Case Western Reserve University, Cleveland, 
United States has employed the RDA technique extensively to study somaclonal variation 
in tissue culture (Cullis and Kunert, 2000) as well as diversity study of date palm 
(&,; Voster 
, 2002) and flax (+++; Oh and Cullis, 
2003). A DNA microchip technology that was developed from RDA and useful in plant 
tissue culture industry was introduced by Kunert  
 (2002). In 2007, Oh  
 
successfully identified a DNA fragment located in the labile region of banana genome 
that is highly susceptible to stress imposed during tissue culture and associated with 
higher rearrangement and mutation rates. The authors suggested that this DNA fragment 
has the potential to be developed into a detection kit for somaclonal variation.  The 
examples mentioned above explain the robustness and usefulness of this technique in the 
study of differences between two samples. 
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2.2.7  Diversity Array Technology (DArT)   
 Diversity Array Technology (DArT) is a microarray hybridization0based marker 
system that allows simultaneous typing of several hundreds to thousands loci in a single 
assay without relying on the sequence information. It generates whole genome profiling 
by scoring presence versus absence of DNA fragments in representations of genomic 
DNA samples (Jaccoud 
, 2001; Wenzl 
, 2004). This technique can overcome 
some of the limitations of other molecular marker techniques such as capacity, speed and 
cost (Akbari 
, 2006).  
DArT assays DNA polymorphism through generation of genomic representations. 
Genomic representations can be produced by restriction digestion of genomic DNA using 
any combinations of restriction endonuclease and hence reproducibly reducing the 
complexity of genomic DNA of samples. Microarray is built once for each species and 
contains representation fragments produced from a set of genotypes that cover the gene 
pool of the species (Hutter 
, 2007). The number of markers available for a particular 
species is therefore governed by the level of genetic variation within the species (or gene 
pool) and the number of complexity reduction methods screened (Mondini 
, 2009). 
This approach was described in detail by Jaccoud 
 (2001) and is reproduced here 
(Figure 2.7).  
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Figure 2.7: Schematic representation of DArT. 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 The major advantages of the DArT technique is that it does not require prior 
sequence information for the species to be studied; this enables study of minor or 
‘orphan’ crops that have limited DNA sequence information. This technique also offers 
highly parallel, fast, reproducible and comprehensive genome coverage analysis which is 
cost effective (Semagn 
, 2006a). It is estimated that the cost of DArT markers are 
tenfold lower than SSR markers per data point (Xia  
, 2005). Nonetheless, this 
technique has its own limitation. It is a dominant marker system which might limit its 
application (Semagn 
, 2006a).    
The DArT approach has been performed in plant species of virtually any ploidy 
level. It was first developed for diploid rice with small genome size of 430 Mbp (Jaccoud 
 
, 2001). The technology was then expanded to barley with 5000 Mbp genome 
(Wenzl  
, 2004), hexaploid wheat (Akbari  
, 2006) and sugarcane, one of the 
most genetically complex plant genome (x=5014) (Heller0Uszynska 
, 2006), to name 
a few.  
To date, DArT arrays have been established for more than 120 plants species 
(www.diversityarrays.com) with more than 3000 and 7000 DArT markers were 
developed for barley and wheat, respectively (Varshney  
, 2010). DArT has been 
employed extensively for genetic mapping studies, including Barley (Wenzl 
, 2004), 
Arabidopsis (Wittenberg  
, 2005), Wheat (Akbari  
, 2006), Sorghum (Mace 

, 2008). Integration of DArT markers with other marker systems has improved genetic 
mapping of certain species, allowing construction of high density genetic maps. Wenzl 

 (2006) reported a high density consensus map of barley comprising 2085 DArTs and 
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850s other markers (SSRs, RFLPs and STSs) with an average inter0bin distance of 0.71 ± 
1.01 cM when co0segregating loci were grouped into bins. The first dense genetic map of 
banana (#+) was published in 2010 (Hippolyte 
, 2010). This reference 
map has the expected eleven linkage groups containing 167 SSR and 322 DArT loci with 
an average density of 2.8 cM per marker.  
In parallel with genetic mapping, the DArT technique has been utilized for 
identifying trait0marker associations and QTL analysis, for example water logging 
tolerance, net blotch resistance and drought tolerance in Barley (Li 
, 2008; Grewal 

, 2008; Varshney 
, 2012) and Ergot resistance in sorghum (Parh 
, 2008). The 
large number of markers being assayed concurrently by the DArT technique has also 
contributed to high resolution assessment in genetic diversity studies in cassava (Xia 

, 2005), rice (Xie  
, 2006), pigeonpea (Yang  
, 2006), oat (Nicholas  
, 
2009), banana (Risterucci  
, 2009), rye (Bolibok0Bragoszewska  
, 2009), 
 (Steane 
, 2011) and rapeseed (Raman 
, 2012) as well as association 
mapping (Crossa 
 2007; Neumann 
, 2010).  
2.2.7.1  DArT “Genotypingbysequencing” (DArTSeq) 
Genome complexity reduction for genotyping, a crucial step in DArT technology, 
has now been taken to another level when combined with next0generation sequencing 
(NGS) technologies, a method generally termed as Genotyping0by0Sequencing (GbS) 
(Sansaloni  
, 2011). The use of genome complexity reduction combined with 
multiplex sequencing was first demonstrated through restriction0site associated DNA 
(RAD) tagging (Baird 
, 2008; Miller 
, 2007). GbS was developed as a simple 
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but robust approach for complexity reduction in large complex genomes for high density 
SNP discovery and genotyping (Elshire  
, 2011; Poland  
, 2012). The GbS 
approach is suitable for population studies, germplasm characterisation, breeding and trait 
mapping in diverse organism.  
DArT “Genotyping0by0sequencing” (DArTSeq) is a new marker platform 
developed by DArT Ptd Ltd, in which DArT platform is coupled with Illumina short read 
sequencing to generate DArT (presence/absence) and SNP markers. This technology has 
been successfully applied for genetic mapping of (Sansaloni 
, 2011) and 
genetic diversity assessment study of 6 and related species (Cruz 
, 2013).  
2.2.8  NextGeneration Sequencing (NGS) 
 Since its first publication in the late 1970s by Nobel laureates Frederick Sanger 
and Walter Gilbert (Sanger and Coulson, 1975; Maxam and Gilbert, 1977) and 
subsequent development of chain termination method by Sanger and colleagues (Sanger 
 ., 1977), Sanger or dideoxy sequencing, has been the most commonly used DNA 
sequencing technique to date and was used to complete human genome sequencing 
project. 
 Despite its wide range of application, Sanger sequencing method has several 
limitations such as (1) the need for gels or polymers to separate the fluorescently0labelled 
DNA fragments by size, (2) the relatively low number of samples that could be analysed 
in parallel and (3) the difficulty of total automation of the sample preparation methods in 
which clonal populations of DNA are currently produced using , which is 
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labour0, robotics0 and space0intensive for large0scale operations (Ansorge, 2009; 
Varshney ., 2009). Advancement in sequencing technologies have delivered the next0
generation sequencing (NGS) approaches which are capable of processing millions of 
sequence reads in parallel in a single run. Availability of NGS techniques has rapidly 
changed the landscape of life sciences. Currently, three main systems are available in the 
market: Roche/ 454 FLX (www.454.com), Illumina/ Solexa Genome Analyzer 
(www.illumina.com), and the Applied Biosystems SOLiDTM System 
(www.appliedbiosystems.com/absite/us/en/home/applications0technologies/solid0next0
generation0sequencing.html). Recently, another two new systems have been launched in 
the market: the Helicos HeliscopeTM (www.helicosbio.com) and Pacific Biosciences 
SMRT (www.pacificbiosciences.com).  
 Although these NGS platforms are quite diverse in their configurations and 
sequencing biochemistry (Table 2.4), they share many common features. The sequencing 
reaction is performed on  clonally amplified single strands of a fragment library, 
avoiding the need for the bacterial cloning step as well as the associated cloning bias 
issues. Helicos and Pacific Biosystems mentioned above are “single molecule” 
sequencers that do not require any amplification of DNA fragments prior to sequencing, 
so should avoid the inherent bias in PCR amplification. Relatively little input DNA (a 
few micrograms at most) is needed to produce a library. Most importantly, array0based 
NGS enables a much higher degree of parallelism than conventional capillary0based 
sequencing; hundreds of millions of reads can be processed in parallel rather than 96 at a 
time and they require only one or two instrument runs to complete an experiment. 
Collectively, these differences dramatically reduce the sequencing cost per base by 
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several orders of magnitude. The main limiting factor of the new technology is shorter 
read lengths (350500 bp, depending on the platform) compared to Sanger sequencer (6500
1000 bp), raw accuracy (base0calls generated by the new platforms are at least ten0fold 
less accurate than those generated by Sanger sequencers); and also lower reading 
accuracy in homopolar stretches of identical bases. The huge amount of data generated by 
these systems (over a gigabase per run) in the form of short reads presents another 
challenge for developments of software and more efficient computer algorithms. These 
technologies will continue to improve to overcome such limitations (Mardis, 2008a; 
Mardis, 2008b; Shendure and Ji, 2008; Ansorge, 2009). 
Table 2.4: Comparison of the NextGeneration DNA Sequencing Platforms. 
Platforms Roche (454) GS
FLX 
Illumina Genome 
Analyzer 
ABI SOLiD 
Starting DNA (Eg) 305 0.101 0.1020 
Amplification Emulsion PCR Bridge PCR Emulsion PCR 
Sequencing method Pyrosequencing Sequencing by 
synthesis 
Sequencing by 
ligation 
Read length (bases) 500 32040 35 
Throughput 
capability (Gb per 
run) 
0.1 1.3 4 
Reagent cost per 
run (list prices) 
$8,500 $3,000 $3, 400 
Run time 7.5 h 3 d 7 d 
Paired reads/Span Yes/3 kb Yes/2000400 bp Yes/3020 kb 
(Source: Liu, 2009) 
2.2.8.1  454 (Roche) Pyrosequencing 
 Roche 454 sequencing was the first NGS system introduced into the market 
(Margulies  
, 2005) and it works on the principle of “pyrosequencing” in which 
incorporation of a nucleotide by DNA polymerase results in the release of pyrophosphate 
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to fuel a series of downstream reactions that ultimately produces light from the cleavage 
of luciferin by firefly enzyme luciferase (Figure 2.8). 
 
Figure 2.8: Schematic illustration of the pyrosequencing reaction which occurs on 
nucleotide incorporation to report sequencingbysynthesis in 454 sequencing 
technology. )   ++ .   
&&!"&.
"&
,.+	''E!
 
 In 454 sequencing system (Figure 2.9), DNA fragments are ligated with specific 
adaptors and then mixed with a population of 28 Sm beads carrying complementary 
oligonucleotides, resulting in binding of one fragment to each bead. Emulsion PCR is 
carried out for fragment amplification, with each bead isolated into individual oil0to0
water micelles that also contain PCR reagents, producing around one million copies of 
each fragment on the surface of each bead. Amplification is necessary to obtain sufficient 
light signal intensity for reliable detection in next sequencing0by0synthesis reaction steps 
(Ansorge, 2009).  
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Figure 2.9: Overview of the 454 sequencing technology. !*+%4
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Beads with million copy of fragments attached are then deposited on a 
microfabricated array of picotiter plate (PTP) that hold a single bead in each of several 
hundred thousand single wells, providing a fixed location at which each sequencing 
reaction can be monitored. Smaller beads containing immobilized enzymes for 
downstream pyrosequencing are also added surrounding the fragments:bead. During 
sequencing, one side of the PTP acts as a flow cell which nucleotides and reagent 
solution are delivered in a sequential fashion, whereas the other side of PTP is bounded to 
a fiber0optic bundle for CCD (charge0coupled device) –based signal detection (Shendure 
and Ji, 2008).  Knowing the identity of the nucleotide supplied in each step, the presence 
of a light signal indicates the base incorporated into the sequence of the growing DNA 
strand. This sequencing is “asynchronous” in that some features may get ahead or behind 
other features depending on their sequence relative to the order of base addition.  
 The major limitation of 454 technology is that it cannot accurately interpret long 
stretches of the same nucleotide (a homopolymer run). Therefore the dominant error type 
for 454 is insertion0deletion rather than substitution (Shendure and Ji, 2008). The key 
advantage of 454 is it can achieve reading lengths of 4000500 base range, paired0end 
reads, and hence it is suitable for  assembly and metagenomics.  
The GS0FLX Titanium instrument produces an average read length of 450 bp per 
bead, with a throughput of ~450 Mb of sequence data during a 100h run. By contrast, a 
single ABI 3730 can sequence 24 x 960well plates per day producing ~ 440 kb of 
sequence data in 7 h, with an average read length of 650 bp per sample (Mardis, 2008). 
The newly upgraded 454 FLX Titanium XL+ increase data output from 450 Mb to about 
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700 Mb with read length up to 1 kb.  The 454 technology has been the most widely 
published next0generation technology, having almost 3,000 research publications 
(www.454.com).  
2.3  Genetic linkage mapping and QTL analysis 
2.3.1  Genetic linkage mapping 
 Genetic mapping, also known as linkage mapping, is a process of determining the 
relative position and distances between markers along chromosomes. Genetic linkage 
was first discovered in 1905 in the sweet pea ( ) by Bateson and 
colleagues, although that time linkage between loci was referred as ‘coupling’. Following 
Morgan’s observation that the amount of crossing over between genes might indicate the 
distance between them on a chromosome, Morgan’s student, Sturtevant used these ideas 
to develop the first genetic map of chromosome X of %+ in 1913. 
At that time, genetic maps were generated by just a few to several tens of phenotypic 
markers obtained one by one by observing morphological and biochemical variations of 
an organism, mainly following mutation (Wu 
, 2008). Development of wide range of 
molecular markers that reveals differences at DNA level over the past two decades has 
resulted in extensive genetic mapping in many species and also generation of much more 
densely populated genetic maps, generally into the range of several hundreds to more 
than a thousand markers per genome (Semagn 
, 2006b; Wu 
, 2008). 
 Genetic maps are vital for identification of chromosomal locations containing 
genes and QTLs associated with traits of interests which in turn facilitates marker0
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assisted selection. Genetic mapping enables comparative mapping between related 
species, provides a framework for anchoring physical maps and facilitates positional or 
map0based cloning of gene of interest (Semagn 
, 2006b).  
 During meiosis, recombinations occur when homologous chromosome pairs form 
chiasma and exchange sections of chromosome which leads to production of recombinant 
gametes.  In a segregating population, there is a mixture of parental and recombinant 
genotypes. The frequency of recombinant genotypes gives an estimate of the distance 
between two markers on a chromosome; on the assumption probability of crossing over is 
proportional to the distance between two markers. The closer the two markers are located 
on a chromosome, the lower the frequency of recombination between the markers while 
markers situated far apart on a chromosome or on different chromosomes assort 
independently. Linked markers have a recombination frequency that is less than 50% 
while unlinked markers have a recombination frequency of 50% (Collard  
, 2005; 
Semagn 
, 2006b).  
 There are three important steps in constructing genetic linkage maps: (1) 
production of the mapping population; (2) identification of marker polymorphism; and 
(3) linkage analysis of markers using computer software. Generation of a genetic map is a 
conceptually simple yet computationally complex process (Collard 
, 2005).  
(i) Production of the mapping population 
 One of the most critical steps in constructing a genetic map is to develop an 
appropriate mapping population. Mapping populations should be segregating populations 
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derived from two genetically divergent parents, differing for one or more traits of 
interest. The parent lines should be genetically divergent enough to enable identification 
of large number of polymorphic markers that are well0distributed across the genome but 
at the same time they should not be genetically too distant to avoid sterility and/or high 
levels of segregation distortion during linkage analysis (Semagn 
, 2006).  
 The choice of a mapping population could vary based upon the objectives of the 
experiment, the time frame and resources available. Various types of mapping population 
can be produced from the heterozygous F1 hybrids and each of these mapping 
populations has its own advantages and disadvantages.  
(i) F2 population: Self0pollination of F1 hybrids 
(ii) Backcross (BC) population: Crossing of F1 plants back into one of the parents 
(iii) Recombinant Inbred lines (RIL): Single0seed selection from individual plants 
of an F2 population continue for 608 generations 
(iv) Near isogenic lines (NIL): Backcrossing for at least six to seven generations 
followed by self0pollination of selected individuals produce lines that are 
homogenous for the target gene and nearly isogenic with the recipient parents 
(v) Double haploids (DH): Doubling of gametes from F1 or F2 plants 
Both F2 and BC population are the simplest form of a mapping population as they 
are easy to construct and require only short time. However, F2 and BC population are 
highly heterozygous and cannot be easily preserved; they are considered to be temporary 
populations. On the other hand, RIL, NIL and DH populations constitute a permanent 
source that can be replicated indefinitely without genetic0change occurring and shared by 
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many groups in the research community (Schneider, 2005; Semagn  
, 2006b). The 
length of time required to produce RIL and NIL is the major constraint in mapping 
studies. They usually take six to eight generations to achieve homozygosity, a very time0
consuming process. DH populations are faster to generate than RIL and NIL but their 
production is only possible in species that are amenable to tissue culture (Collard 
, 
2005). 
The type of populations to be used in mapping studies also depends on the 
reproductive mode of the plant to be analysed. Self0pollinating species allow the 
generation of lines displaying a maximum degree of homozygosity, hence all population 
types can be used as mapping populations. However, it is difficult to produce pure lines 
for self0incompatible plants due to inbreeding depression. Mapping populations such as 
F1 and BC are more suitable for map construction (Schneider, 2005). 
Simulation studies performed by Ferreira 
 (2006) using a sample size of 500
1,000 individuals of F2, BC, RIL and DH populations have shown that a total of 200 
individuals were required to construct reasonably accurate linkage maps for all 
population types. In practice, population size ranging from 500250 individuals is 
generally used in preliminary genetic mapping studies (Mohan  
, 1997). Larger 
population size will be useful for high resolution mapping (Collard 
, 2005).   
(ii) Identification of polymorphism 
The second step in the construction of a linkage map is identification of 
polymorphic markers, markers that can reveal differences between parents. Construction 
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of a genetic map requires sufficient polymorphism between parents of a cross (Young, 
1994). Overall, cross0pollinating species show higher genetic heterozygosity as compared 
to inbreeding species, therefore distantly related parents should be selected for mapping 
of inbreeding species. The entire mapping population including the parents must then be 
genotyped with the selected polymorphic markers (Collard  
, 2005; Semagn  
, 
2006b).  
The choice of DNA markers used for mapping depends on the availability of 
characterised markers, resources available as well as the type of mapping population. 
Dominant marker systems, such as AFLP and RAPD, are unable to show differences 
between homozygous and heterozygous individuals, hence these markers are not ideal for 
mapping F2 or BC populations. On the other hand, RIL and DH populations can 
maximize the information obtained from dominant markers. F2 populations are best to be 
exploited using co0dominant marker systems, such as SSRs and SNPs (Ferreira  
, 
2006; Semagn 
, 2006b).  
(iii) Linkage analysis of markers 
Linkage analysis of markers is the final step of the construction of a genetic map 
in which each DNA marker of each individual of a population is converted to coding data 
and linkage of the markers is analysed using computer programmes (Collard 
, 2005). 
Commonly used software programmes that are freely available from the internet include 
Mapmaker/EXP (Lander 
, 1987; Lincoln 
, 1993a), MapManager QTX (Manly 
 
, 2001) and CarthaGene (Schiex and Gaspin, 1997; de Givry  
, 2005) while 
	
   
65 
 
JoinMap (Stam, 1993; van Ooijen, 2006) is a commercial programme that is also widely 
used.  
Linkage analysis of markers can essentially be split into 3 parts: locus grouping, 
locus ordering and distance estimation. The first part, locus grouping, divides DNA 
marker into candidate linkage groups using the odds ratios, which refers to the ratio of the 
probability that two loci are linked with a given recombination value over a probability 
that two are not linked. This ratio is called a logarithm of odds (LOD) value or LOD 
score (Risch, 1992). LOD values of >3 are typically used to construct linkage groups 
(Collard 
, 2005). A LOD value of 3 between two markers indicates that linkage is 
1000 times more likely than no linkage (1000:1). Higher LOD value will result in 
fragmented linkage groups while lower LOD value tend to create few linkage groups 
with large number of markers per group which might lead to unstable locus orders and 
fusion between different linkage groups. Ideally, linkage groups obtained should be the 
same as the haploid chromosome numbers of the species under study (Nelson, 2005; 
Semaign 
, 2006b).  
The second part, ordering, takes each of the linkage groups in turn and aims to 
find the relative orders of the markers within the group. For a linkage group of + 
markers, there are +G=	possible orders and there is no sure way to find the best possible 
order even for groups with modest size. Therefore ordering is the central problem in 
linkage mapping and most effort in genetic mapping algorithm development has been 
spent researching the marker ordering problem (Semagn  
, 2006b; Cheema and 
Dicks, 2009). Various locus0ordering criteria have been adopted by different statistical 
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programmes including minimum sum of adjacent recombination fractions (Falk, 1989), 
minimum weighted least squares marker order (Stam, 1993) and maximum likelihood 
(Lander 
, 1987; Jansen 
, 2001).   
Once the order of the markers has been obtained, the final step is to find the 
length of the linkage group which is the sum of all inter0marker distances. Map distance 
is measured in terms of the frequency of recombination between marker loci (Paterson, 
1996). Recombination fractions are converted to map units, centiMorgans (cM), by 
mapping functions. One cM is equal to one percent recombination, but for longer 
distances, recombination fraction (Rf) is not linearly related to centiMorgan distances. 
Two commonly used mapping functions are Haldane and Kosambi mapping function. 
The Kosambi mapping function assumes that recombination events influence the 
occurrence of adjacent recombination events (Kosambi, 1944) while Haldane mapping 
function assumes absence of interference between crossover events (Haldane, 1919).  
2.3.2  Quantitative trait loci (QTL) analysis 
 Quantitative characters have been a major area of genetic study for more than a 
century because they are a common feature of natural variation in populations, 
particularly for commercially important traits in plants (Kearsay and Farquhar, 1998). 
Quantitative trait shows a continuous range of variation in a population, which is more or 
less normally distributed. There is no obvious discontinuities in the distribution as might 
be expected from a single gene trait (Kearsay 1998). The genetic variation underlying 
quantitative characters results from the segregation of numerous quantitative trait loci 
(QTL), each explaining a portion of the total variation, and whose expression is modified 
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by interactions with other genes and also the environment (Mackay, 2001). Therefore 
mapping quantitative trait is difficult since the genotype cannot be unequivocally 
determined from phenotype.  
 Quantitative trait loci (QTL), first termed by Gelderman (1975), is a region of the 
genome that is associated with an effect on a quantitative trait. QTL analysis is looking 
for associations between the quantitative trait and the marker alleles segregating in the 
population (Kearsey and Farquhar, 1998). The main objectives of QTL analysis are to 
identify the regions of genome that affect the trait of interest and to explore the effects 
and interactions of these regions (Kearsey, 1998). QTL analysis involves two essential 
steps, mapping of the markers and the association of the trait with the markers. 
Usefulness of genetic linkage map for localization of QTL for a quantitative trait was first 
demonstrated by Paterson 
 (1988). Establishment of large collections of molecular 
markers has enabled construction of detailed genetic maps which laid the foundation for 
QTL analysis (Doerge, 2002). Various statistical techniques have been employed to 
analyse the association between the markers and quantitative trait, ranging from simple 
single0marker analysis to models that include multiple markers and interactions.  
Single0marker analysis is a simple approach in which 0test, analysis of variance 
(ANOVA) or linear regression is used to test if the differences between the marker means 
are significant for the trait and hence point to the existence of potential QTL (Kearsey, 
1998). Linear regression is most commonly used because the coefficient of determination 
(	) from the marker explains the phenotypic variations arising from the QTL linked to 
the marker (Collard 
, 2005). Single0marker analysis investigates individual markers 
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independently without reference to their position and order, therefore this method does 
not require linkage map and can be performed using basic statistical software 
programme. Although computationally simple, this approach suffers several major 
limitations: (i) difficult to conduct separate estimates of QTL location and effect; (ii) the 
likelihood of QTL detection decreases significantly when the distance between the 
marker and QTL increases; (iii) the effect of QTL are likely to be underestimated as they 
are confounded with recombination frequency (Tanksley, 1993; Doerge, 2002; Collard 

, 2005).  Commonly, single0marker analysis is performed using computer programme 
QGene (Nelson, 1997) and MapManagerQTX (Manly 
, 2001). 
Simple interval mapping (SIM), was first proposed by Lander and Botstein 
(1989), makes use of linkage map and explores the interval between pairs of markers for 
the presence of QTL (Kearsey, 1998). Intervals between adjacent pairs of markers along 
a chromosome are scanned in a systemic, linear (also referred to as one0dimensional) 
fashion and the likelihood profile of a QTL being at any particular point in each interval 
is determined (Kearsey and Farquhar, 1998). The resulting LOD scores are plotted along 
a chromosome map and the peak of LOD exceeds some significance threshold indicates 
the likely location of the QTL and provides information on its confidence interval 
(Churchill and Doerge, 1994; Mangin 
, 1994). Interval mapping is statistically more 
powerful than single0marker approach to detect QTL, but it is still a single0QTL model 
and the one0dimensional search of QTL does not consider the interactions between 
multiple QTLs (Doerge, 2002). SIM is commonly conducted using software 
MapMaker/QTL (Lincoln  
, 1993b), Windows QTL Cartographer (Wang  
, 
2012), MapQTL (van Ooijen, 2009) and QGene.   
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Composite Interval Mapping (CIM) introduced by Zeng (Zeng, 1993) and 
Multiple QTL mapping (MQM) introduced by Jansen (Jansen, 1993) in the same year, 
were developed to overcome some of the shortcomings of SIM. Both methods extend the 
ideas of interval mapping to include additional markers as cofactors outside a defined 
window of analysis. The inclusion of co0factors is used to eliminate the background 
genetic noise (QTLs elsewhere on the genome) and neutralize the effects of linked QTLs 
(from outside the window of analysis) resulting in an increase in the power and reduction 
of interference due to linked QTLs (Zeng, 1993; Zeng, 1994; Jansen 1993; Jansen and 
Stam, 1993).  However, these two approaches are still a one0dimensional search and 
hence are unable to accommodate a multiplicity of potential epistatic QTL effects 
(Doerge, 2002).  The CIM and MQM method have been implemented in the QTL 
Cartographer and MapQTL, respectively.  
Multiple intervals mapping (MIM), as the names implies, uses multiple interval 
simultaneously to fit multiple QTLs into the model (Kao et al., 1999). MIM implemented 
in QTL Cartographer, uses a stepwise selection method to add and remove QTLs from a 
model first arrived at by CIM, then estimate simultaneously the QTL genotypes and their 
likelihoods, and finally searches for epistatic effects between modelled QTLs and each 
other or the unoccupied QTL positions on the map. MIM is well situated to the 
identification and estimation of genetic architecture parameters, including the number, 
genomic positions, effects and interactions of significant QTL and their contribution to 
the genetic variance (Nelson, 2005).  
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 Locating multiple interacting QTL that are associated with multiple traits is the 
goal of many current scientific investigations. Continuous advancement in molecular 
marker technology coupled with evolving sophisticated statistical analyses and 
modelling, are expected to enable greater power and precision in the detection of QTL 
and contributes to the application of QTL in crop improvement, such as marker0assisted 
selection (MAS). 
2.4  Biotechnology and molecular research in oil palm 
 Oil palm is a perennial tree crop with long breeding and selection cycles, so 
molecular breeding is of great interest as this could save time, cost and effort as well as 
utilise the limited resources (land and labour) more effectively. Molecular research 
activities on oil palm started in the early 1990s. Since then, different molecular 
techniques have been used to determine and isolate markers in oil palm, namely isozyme 
(Ghesquiére, 1984; Ghesquiére, 1985; Baudouin, 1992; Rajanaidu ., 1993; Choong 

, 1996), RFLP (Cheah, 1990; Jack 
, 1995; Mayes 
, 1996), RAPD (Shah 
, 
1994), AFLP (Cheah, 2000; Kulratne 
, 2000) and SSR (Billotte 
, 1999; Billotte

, 2001; Billotte 
, 2005).  
 In oil palm, two monogenic inherited traits of importance are, fruit colour gene 
(@) and shell0thickness gene (). Two RFLP markers linked to the fruit colour gene 
were identified, MET16 (3 cM) and KT3 (4 cM), in the linkage map constructed by 
MPOB (Sambanthamurthi 
, 2009). The markers were found to not only be able to 
distinguish the and fruit but also able to distinguish the homozygous 
and heterozygous forms of @ fruit. The @ fruits are green in colour when unripe and 
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change to bright orange when ripe due to absence of carotenoids in the exocarp. This 
profound change in colour allows the easy identification of ripened bunches and hence 
reduces crop loss through fallen fruits (Jack ., 1998).  
Many molecular approaches have been employed to study shell0thickness gene 
() and/or marker(s). Mayes 
(1997) developed a RFLP genetic linkage map for oil 
palm using a population derived from a self0pollinated palm that segregated for 
the shell0thickness character, enabling the discovery and mapping of a RFLP marker 
(pOPgSP1282) linked to  at a distance of 9.8 cM. This marker is rather far away from 
 to be used for identification of fruit types as the chances of recombination between 
marker allele and gene are still high.  
RAPD work by Moretzsohn  
 (2000) on linkage mapping of the shell0
thickness locus also revealed two different markers, R1101282 and T1901046, that were 
17.5 cM and 23.9 cM, respectively on either side of the H locus. Although the two 
markers were even further away from  gene, the authors claimed that the use of 
flanking marker0based assay would allow  and  palms resulting from D x P 
cross to be identified correctly with an error rate of only 4% (0.175 x 0.239 = 0.042). 
Hence, more precise and fast identification of fruit form is possible with these two 
markers. However, these markers have not been verified, validated and would need to be 
converted to a different format for use in selection programmes.  
A high density microsatellite0based linkage map of oil palm was published by 
Billotte 
in 2005. It is the first linkage map that has 16 independent linkage groups 
corresponding to the 16 homologous chromosome pairs of oil palm. This integrated map 
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covered 1,743 cM of the plant’s genome by using 944 SSR and AFLP markers.  An 
AFLP marker, E0AGG/M0CAA132 was discovered to map at 4.7 cM from the  locus 
and to be located at terminal region of LG4. This AFLP marker is the closest marker to 
the shell0thickness gene that had been published. However, there are no reports of its 
validation in commercial material or its use in selection programmes. Sambanthamurthi 

 (2009) commented that the marker is still too far to allow for an error free selection 
of the trait in the nursery. Ideally, a marker with a distance of 1 cM or two close flanking 
markers are preferred. 
On the other hand, most agronomically important traits, such as oil yield and 
quality, are controlled by many genes. Quantitative trait locus (QTL) analysis is used to 
study polygenic traits (Collard 
, 2005). Using the same population as Mayes 

(1994)Rance  
 (2001) reported the first quantitative trait loci mapping for yield 
components in oil palm. This study identified several putative markers associated with 
fruit weight, petiole cross section, rachis length, and ratios of shell:fruit, mesocarp:fruit 
and kernel:fruit. MPOB also conducted QTL studies associated with oil quality in oil 
palm in which 11 QTLs were detected for Iodine Value, C14:0, C16:0, C16:1, C18:0, 
C18:1 and C18:2 in four different linkage groups using a framework map consisting of 
AFLP, RFLP and SSR markers (Singh 
, 2009). A recent report by Montoya 
 
(2013) revealed the detection of 19 QTLs associated with palm oil fatty acid composition 
using an interspecific pseudo0backcross of 
 and 
.  
Billotte 
 (2010) published the first QTL analysis on multi0parent population 
in oil palm.  In this study, within0family and across0family analysis were performed for 
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QTL searches and a total of 76 QTLs were identified from 24 quantitative traits which 
proves that across0family analysis is efficient with interconnected families and can 
partially solve the small family size issue of classical genetic trials of oil palm.   
Due to the narrow genetic basis of oil palm planting material, extensive collection 
of wild and semi0wild material has been made by MPOB to improve current commercial 
germplasm (Lawrence 
, 1995; Rajanaidu 
, 2000; Mohd Din 
, 2005) and 
germplasm diversity has been assessed by different molecular markers (Hayati  
, 
2004; Maizura  
, 2006; Singh  
, 2008a; Ting  
, 2010). Genetic diversity 
studies can estimate the genetic distance of different breeding materials and in turn help 
to identify new elite material suitable for interogression into breeding programmes. 
In recent years, several Malaysian companies have embarked on oil palm genome 
sequencing projects to enhance the understanding of the crop with the aim of developing 
high0yielding and more disease0resistance oil palm. The Asiatic Centre for Genome 
Technology Sdn. Bhd. (ACGT) and its partner Synthetic Genomics Inc. (SGI) announced 
the completion of the first draft of the assembly and annotation of the oil palm genome in 
May, 2008 (Lee and Cheah, 2009). A year later (May 2009) another private company, 
Sime Darby Berhad announced that they have successfully sequenced, assembled and 
annotated the oil palm genome with 93.8% completeness through collaboration with 
Synamatix Sdn. Bhd. (The Star Online, 2009; Sime Darby, 2009).  
Being the leading oil palm research and development centre of Malaysia, MPOB 
has carried out extensive research work on oil palm. They constructed a linkage map and 
discovered an RFLP marker for  gene by using progenies derived from a self0
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pollinated 
 palm (Palm T128) (Singh and Cheah, 2004). Through its 
collaboration with Orion Genomics for sequence analysis, a subset of 30,000 non0
repetitive high quality SNPs were identified and selected by MPOB. Based on progenies 
from self0pollination of the same  (Palm T128), a linkage map with 16 linkage 
groups was constructed using the selected SNPs, RFLP, AFLP and SSR markers. Four 
different SNP markers were found to map on either side of the  gene with the closest 
marker (SNPM00310) at a distance of 2.2 cM (Singh, 2010).  
Recently, MPOB published the 1.8 gigabase (Gb) genome sequence of the 
African oil palm 
  and the draft sequence of South American oil palm 
 
(Singh 
, 2013a) as well as the identification of - gene (Singh 
, 
2013b). The combined total length of the assembly is 1.535 Gb which comprises nearly 
35,000 genes, including the oil biosynthesis gene and other transcriptional regulators 
highly expressed in the kernel. The authors commented that the genome sequence will 
facilitate identification of genes responsible for important yield and quality traits as well 
as somaclonal epigenetic alterations.  
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3.1  Introduction and objective 
Subtractive hybridization has been used to find the difference between two 
samples or genomes of interest in which DNA from sample A was hybridized against 
an excess DNA from sample B to remove common sequences between the two 
samples, thereby enabling enrichment of “target” sequences unique to sample A. 
Sample A is termed the tester while sample B is the driver. However, subtractive 
hybridization was found to be inefficient for comparison of high complexity genomic 
DNAs (Lisitsyn, 1995; Lisitsyn and Wigler, 1995). Representational Difference 
Analysis (RDA) was devised in 1993 to overcome this limitation (Lisitsyn  
, 
1993).  
RDA consists of three important steps, which are production of the genomic 
representations, subtractive hybridization and kinetic enrichment. Representation is a 
process of generating a subpopulation of the genomes of interest with reduced 
complexity through restriction digestion of genomic DNA, adaptor ligation followed 
by ‘whole2genome’ amplification of the representation. Subsequent subtractive 
hybridization will eliminate common fragments present in both tester and driver 
populations, leaving only the differences present for further kinetic enrichment. 
Successive iterations of the subtraction and PCR amplification allow enrichment of 
the target sequence of interest (Lisitsyn  
, 1993; Hubank and Schatz, 1994; 
Lisitsyn, 1995).   
In order to locate polymorphism related to a gene of interest using the RDA 
technique, it is crucial to have tester and driver samples that differ primarily in the 
region of the target gene (Lisitsyn 
, 1995). For self2compatible plant species, this 
can be achieved by production of near2isogenic lines. However, it is not simple to 
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produce pure lines for out2crossing plants due to inbreeding depression (Schneider, 
2005). Bulked Segregant Analysis (Michelmore  
, 1991) was developed to 
overcome the problem of lack of availability of near2isogenic lines for both 
inbreeding and outbreeding species. 
The Bulked Segregant Analysis (BSA) approach was developed by 
Michelmore  
 in 1991 in which DNA samples of individuals derived from a 
segregating population of a single cross are pooled so that within each pool, the 
individuals have the same trait or gene of interest but are arbitrary for all other genes. 
Therefore, the two bulked samples differ only for the region of interest and 
surrounding DNA which has not undergone genetic recombination during meiosis, 
but are heterozygous for all other regions and the contrasting bulks can be analysed by 
comparison to identify markers for that particular region. This approach has been 
shown to work well for genes with major effects in which markers tightly2linked to 
the gene of interest will show significant differences in allele frequency between the 
two DNA bulks (Quarrie 
, 1999). 
The BSA method has previously been used successfully to identify RAPD 
(Moretzsohn 
, 2000) and AFLP markers (Billotte 
, 2001a, b) linked to the 
 gene. This indicates that the method is suitable to use in combination with any 
marker system for the study of shell2thickness trait. BSA approach was also used in 
combination with AFLP for the study of  trait (fruit skin color) in oil palm 
by creating two different DNA bulks of ten palms each (Seng 
, 2007). 
Introduction of massively parallel DNA sequencing platforms, termed Next2
Generation Sequencing (NGS), has striking impact on recent scientific discoveries. 
NGS approaches reduce the cost and speed of DNA sequencing by several orders of 
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magnitude allowing sequencing of genome2wide scale and ultra2resolution of single 
base precision (Shendure and Ji, 2008). Illumina SOLEXA and Applied Biosystem 
SOLiD sequencing platform produce short2read sequences (352100 bases) that are 
frequently used for resequencing in which reads can be aligned against a reference 
genome or transcriptome. Meanwhile, Roche 454 pyrosequencing is more commonly 
applied for non2model organism sequencing projects as the longer reads generated (1 
kb) are more amenable for  assembly (Kumar and Blaxter, 2010).    
The objective of this study is to exploit RDA together with BSA to develop 
markers for the shell2thickness gene that determines the segregation pattern of , 
 and  fruit forms.  and  samples can be bulked together 
according to their fruit form. In the present study, four different controlled crosses 
were exploited and each  and  bulk was consisted of ten palms from the 
same controlled cross. The use of multiple bulks allows the identification of 
consistent markers to the shell2thickness gene. 
This project also aims to identify RDA difference products using NGS 
approach, 454 pyrosequencing. Conventionally, RDA difference products are cloned 
into plasmid, transformed into bacteria and sequenced by Sanger sequencing. 
Combination of RDA approach with high sensitivity 454 pyrosequencing would 
allows more comprehensive understanding of the enrichment profile generated 
besides eliminating the laborious transformation procedure.  
3.2  Materials and Methods   
3.2.1  Plant materials 
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 Four different oil palm controlled crosses were exploited in this study, 744, 
768, 769 and 751. Oil palm fruit were characterised phenotypically and frond one leaf 
was sampled from oil palm crosses obtained from the Paloh Estate of Advanced 
Agriecological Research Sdn. Bhd. (AAR) in Johore, Malaysia. The Deli  from 
the 744 and  and  from the 769 controlled crosses were collected in 2008 
while the  and  from the 768 and 751 controlled crosses were collected in 
November 2009. Ten samples were collected for each fruit category, Deli ,  
and . The list of samples is shown in Table 3.1. 
 After cutting the leaves from individual palms, the leaves were cleaned with 
70% ethanol (EtOH), cut into small pieces and packed into plastic bags. All plastic 
bags were clearly labelled and stored at 280 ºC. 
Table 3.1: List of samples collected from the Paloh Estate of AAR in Johore, 
Malaysia.  
 744  769  768  751  
No. Deli   	
  	
  	

1. 744/131 769/8 769/1 768/28 768/32 751/7 751/26 
2. 744/132 769/12 769/19 768/31 768/34 751/8 751/27 
3. 744/133 769/23 769/21 768/35 768/43 751/22 751/29 
4. 744/134 769/24 769/27 768/41 768/45 751/25 751/30 
5. 744/135 769/35 769/40 768/42 768/46 751/28 751/31 
6. 744/150 769/36 769/44 768/44 768/50 751/39 751/34 
7. 744/152 769/39 769/52 768/49 768/51 751/40 751/43 
8. 744/153 769/43 769/53 768/56 768/52 751/42 751/44 
9. 744/154 769/49 769/54 768/57 768/58 751/45 751/48 
10. 744/162 769/55 769/57 768/60 768/59 751/46 751/49 
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3.2.2  Extraction of genomic DNA 
Genomic DNA was extracted from leaves using the cetyltrimethylammonium 
bromide (CTAB) method described by Doyle and Doyle (1987) with minor 
modifications. Four grams of leaf sample were ground into fine powder in liquid 
nitrogen in a pre2chilled mortar and pestle. The samples were then transferred into a 
50 ml falcon tube containing 10 ml of modified CTAB lysis buffer [2% (w/v) CTAB, 
100 mM Tris2HCl pH 8, 20 mM ethylenediaminetetraacetic acid (EDTA) pH 8, 140 
mM sodium chloride (NaCl), 2% (w/v) polyvinylpyrrolidone240 (PVP240), 5 mM 
ascorbic acid, 4 mM diethyldithiocarbamate sodium (DIECA) and 0.4% (v/v) 22β 
mercaptoethanol]. The tubes were incubated at 60 ºC in a water bath for an hour with 
tubes being inverted and mixed 526 times during this interval to ensure complete lysis. 
After that, the tubes were left to cool down to room temperature for about 15 min 
before an equal volume of chloroform: iso2amylalcohol (24:1) was added. The tubes 
were gently inverted by putting on a shaker (N2Biotek, Inc), at 60 rpm, for 30 min and 
followed by centrifugation (Sigma 3218K) at 4700 rpm, 25 ºC for 15 min. The upper 
aqueous phase was transferred to a new tube and chloroform: iso2amylalcohol (24:1) 
extraction was repeated until a clear interface was obtained. The aqueous phase was 
transferred to a new tube and 0.6 volumes of ice2cold isopropanol was added and 
mixed well. The mixture was incubated at 280 ºC for at least half an hour for DNA 
precipitation. After that, centrifugation was performed at 4700 rpm, 4 ºC for 15 min. 
The pellet was washed with 10 ml wash buffer [76% (v/v) absolute ethanol (EtOH) 
and 10 mM ammonium acetate] followed by shaking at room temperature for 30 min 
and centrifugation at 4700 rpm, 4 ºC, for 15 min. The washing step was repeated once 
before the pellet was vacuum dried (Concentrator plus, Eppendorf). The pellet was 
	
   
81 
 
resuspended in 2 ml of TE buffer (10 mM Tris2HCl, pH 8.0 and 1 mM EDTA) at 4 ºC, 
overnight.  
The following day, extractions were checked to ensure that the pellet had 
resuspended before addition of 1.25 Nl of RNase (10 Ng/ml) into each tube. The tubes 
were incubated at 37 ºC for at least 30 min. A 0.5 volumes of 7.5 M filtered2sterile 
ammonium acetate (pH 7.7) was added to the solution, mixed well and the tubes were 
left on ice for 30 min. Then, centrifugation was carried out at 4600 rpm, 4 ºC, for 15 
min. The RNase2treated samples were transferred to a new tube and 2.5 volumes of 
cold absolute EtOH were added. The mixture was mixed gently by inverting the tube 
and incubated at 280 ºC for an hour. DNA was precipitated by centrifugation at 4700 
rpm, 4 ºC, for 15 min. The pellet was washed twice with 70% (v/v) EtOH and 
vacuum2dried. The pellet was then re2dissolved in 500 Nl of TE buffer. The quality 
and quantity of the extracted genomic DNA was checked by electrophoresis on a 1% 
agarose gel (Vivantis) containing SYBR® Safe DNA gel stain (Invitrogen) in 1x TAE 
buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA, pH 8.0) followed by 
visualization on a FluorChem HD2 Multi Image II (Alpha Innotech) and an OD 
measurement at 260 nm wavelength (Nanodrop 1000 Spectrophotometer, Thermo 
Scientific). DNA was then stored at 220 ºC. 
3.2.3  Fingerprinting analysis of samples and pooling of samples 
 Samples of the same controlled cross were pooled according to their shell2
thickness trait for further analysis. It is important to ensure all palms come from the 
same cross and no outcross is present before sample bulking. For this reason, all 
genotypes were fingerprinted before bulking. 
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 Thirteen oil palm SSR primer sets were selected from the LINK2PALM (L2P) 
EU FP5 ICO2DEV (http://www.neiker.net/link2palm/) (Appendix A) to fingerprint all 
the  and  samples from the 768, 769 and 751 controlled crosses. Parents 
of the three controlled crosses, 228/05, 228/06 and 138/04, were included to serve as 
controls for identification of outcrosses. Samples with bands that were different from 
their parent were regarded as outcrosses. All samples were sent to the University of  
Nottingham Sutton Bonington UK campus for genotyping.  
Samples of each controlled cross with proven identity were bulked by mixing 
the same total DNA amount of each individual to form the respective  and 
 bulk of the 769, 768 and 751 controlled crosses. The Deli  parent of the 
744 controlled cross was no longer available; hence progeny were pooled to form Deli 
 bulk without a legitimacy test. Bulked samples were checked on 1% agarose gel 
electrophoresis and OD measurement at 260 nm wavelength.  
3.2.4  Representational Difference Analysis (RDA) 
 Whilst DNA samples were fingerprinted in Nottingham UK, optimization of 
RDA protocol and the first RDA analysis were performed using unproven Deli 
bulk from the 744 and unproven  and  bulk from the 769 controlled 
crosses. At this stage, the samples were bulked without identity verification. RDA 
analysis was repeated afterward using bulked samples with confirmed identity.   
3.2.4.1  Optimization of the RDA protocol 
a) Optimization of restriction digestion  
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Six different restriction endonucleases, HI, RI, dIII, II, I 
and I (New England Biolabs), were tested for their suitability to use for the RDA 
analysis by digesting 400 ng of the pooled 744 Deli  sample with 10 U/Ng of 
enzyme in a total volume of 10 Nl at 37 °C under various incubation times of 1, 3, 6 
and 16 (overnight) h. Digestion profiles were analyzed on a 1% agarose gel with same 
amount of  the undigested 744 Deli bulk loaded as negative control. 
b2 Optimization of primer concentration in Polymerase Chain Reaction 
(PCR) 
After genomic digestion of the DNA samples, adaptor primers were ligated to 
DNA fragments and the same adaptor primers were used to amplify the DNA ligation 
products. 
Each set of adaptor primers (Bioneer) contains one long 242mer 
oligonucleotide and one short 122mer oligonucleotide (Table 3.2). The 242mer 
adaptors are ligated to the 5’2ends of DNA fragments while the 122mer adaptors are 
used to generate a double2stranded ligation template with the 242mer adaptor. These 
122mer adaptors are not ligated to the DNA fragments due to lack of 5’ phosphate 
group on the oligonucleotide. Therefore, during incubation at 72 °C, the 122mer 
oligonucleotide within the adaptors are dissociated from DNA fragments and the 3’2
ends of DNA are filled up subsequently by  ! DNA polymerase, generating the 
priming sites for the 242mer adaptors.  These 242mer adaptors are used as the forward 
and reverse primer in each PCR condition. All adaptors are designed in such a way 
that they can be removed by the restriction endonuclease after amplification of DNA 
fragments.   
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Table 3.2: Sequences of oligonucleotides (adaptors) used in RDA. 
Adaptor Pair Set Name Sequence 
1 R Hind 24 5’2 AGC ACT CTC CAG CCT CTC ACC GCA 23’ 
 R Hind 12 5’2 AGC TTG CGG TGA 23’ 
2 J Hind 24 5’2 ACC GAC GTC GAC TAT CCA TGA ACA 23’ 
 J Hind 12 5’2 AGC TTG TTC ATG 23’ 
3 N Hind 24 5’2 AGG CAG CTG TGG TAT CGA GGG AGA 23’ 
 N Hind 12 5’2 AGC TTC TCC CTC 23’ 
1 R Bam 24 5’2 AGC ACT CTC CAG CCT CTC ACC GAG 23’ 
 R Bam 12 5’2 GAT CCT CGG TGA 23’ 
2 J Bam 24 5’2 ACC GAC GTC GAC TAT CCA TGA ACG 23’ 
 J Bam 12 5’2 GAT CCG TTC ATG 23’ 
3 N Bam 24 5’2 AGG CAA CTG TGC TAT CCG AGG GAG 23’ 
 N Bam 12 5’2 GAT CCT CCC TCG 23’ 
In order to amplify ligated2DNA fragments, optimization of primer 
concentration in the polymerase chain reaction (PCR) was performed using 0.8, 1, 2, 
3 and 4 NM of the 242mer adaptor as the forward and reverse primer in the reaction. 
Previously optimized dIII"digested and R Hind adaptor2ligated pooled Deli 
from the 744 controlled cross was used as template and the PCR reaction was 
prepared using 8 ng of ligated DNA, 320 NM each of  dNTPs mix (dATP, dGTP, 
dCTP and dTTP) (Promega), 0.1 mg/ml of bovine serum albumin (BSA) (New 
England Biolabs), 2 Nl of 10x PCR buffer [100 mM potassium chloride, 100 mM 
ammonium sulphate, 20 mM Tris2HCl, 2 mM magnesium sulphate and 1% Triton X2
100, pH 8.8] (New England Biolabs) and respective amount of R Hind 24 primer in a 
total volume of 20 Nl. The tubes were incubated for 3 min at 72 ºC in a preheated 
thermal cycler (G2storm Thermal Cycler, Gene Technologies) for dissociation of the 
122mer oligonucleotide. To fill in the 3’2recessed ends of the ligated fragments, 3 U of 
 ! DNA polymerase (New England Biolabs) was added to each tube, mixed by 
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pipetting and incubated at 72 ºC for another 5 min. The mixture was immediately 
amplified by PCR for 20 cycles of denaturation at 95 ºC for 1 min and 
annealing/extension at 72 ºC for 3 min, followed by a final extension of 10 min at 72 
ºC and an indefinite soak at 4 ºC. PCR profiles were separated and analyzed on a 1.5 % 
agarose gel electrophoresis.  
3.2.4.2  Generation of first amplicons (representation) 
a) Digestion of genomic DNA 
To produce representations (amplicons) for RDA, 2 Ng of both tester and 
driver DNA were digested with 10 U/Ng of the restriction endonuclease, HI or 
dIII, in a 40 Nl mixture and incubated overnight at 37 ºC. Digested DNA was then 
purified using a GeneAll ExpinTM Clean Up SV Mini kit (GeneAll Biotechnology) 
and eluted using 50 Nl of pre2warmed EB buffer according to manufacturer’s 
instructions. DNA was analyzed on a 1% agarose gel and the DNA concentration was 
quantified by measuring OD at 260 nm wavelength.  
b) Ligation of the R 249 and 129mer adaptor set 
For the adaptor ligation reaction, 1 Ng of HI2 or dIII2digested DNA 
was mixed with 0.5 nmol of adaptor pair R Bam 12 and R Bam 24 or R Hind 12 and 
R Hind 24, respectively (Table 3.2, primer set 1) in a total volume of 30 Nl T4 DNA 
ligase buffer (New England Biolabs). The ligation mixture was incubated at 55 ºC for 
5 min in a heating block followed by gradual cooling of the mixture to 10 ºC for 
approximately 1 h to allow annealing of the oligonucleotides.  Condensation was 
collected by a brief spin. Four hundred units of T4 DNA ligase were then added to the 
mixture and incubated overnight at 16 ºC for ligation of adaptors to DNA fragments.  
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c2 Amplification of the tester and driver DNA 
After overnight ligation, DNA was diluted with 970 Nl of TE buffer. To 
generate the first2round amplicons, tester and driver ligation products were amplified 
by PCR with the R Bam 24 or R Hind 24 as primer. PCR reactions were set up with 
each PCR tube containing 40 ng of ligated DNA, 1 NM of R 242mer adaptor, 320 NM 
each of dNTPs mix, 0.1 mg/ml of BSA in 1x PCR buffer of 100 Nl total volume. As 
previously described in section 3.2.4.1(b), the tubes were incubated for 3 min at 72 ºC 
in a preheated thermal cycler before adding 15 U of  ! polymerase into each tube to 
fill in the 3’2recessed ends of the ligated fragments. After a further 5 min incubation at 
72 ºC, the mixture was immediately amplified by 20 cycles of PCR. 
Tester and driver amplicons were purified separately using GeneAll® ExpinTM 
PCR SV Mini kit (GeneAll Biotechnology). The quality of PCR products were 
analyzed on 1% agarose gel and the DNA concentration was again measured by OD 
measurement at 260 nm wavelength.  
Prior to the subtractive hybridization step, adaptors were removed from both 
driver and tester amplicons to prevent driver amplicons from forming end2annealed 
complexes during hybridization. To remove R adaptors, all first round tester and 
driver amplicons were subjected to overnight restriction digestion at 37 ºC using 10 U 
of HI or dIII enzyme for each Ng of amplicon. Digested DNA fragments were 
then purified by a GeneAll® ExpinTM Cleanup SV Mini kit and quantified by OD 
measurement at 260 nm wavelength.   
3.2.4.3  Subtractive hybridization 
a) Change of adaptors for tester amplicons 
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 Another two different sets of adaptors (J and N) (Table 3.2, primer sets 2 and 
3) were designed for every restriction endonuclease and these two sets of adaptors 
were used alternatively in the hybridization steps, meaning the J adaptor set (Table 
3.2, primer set 2) was used for round 1 and round 3 of enrichment while the N adaptor 
set (Table 3.2, primer set 3) was used for round 2 instead, preventing any potential 
carry over before subsequent rounds of RDA. 
 Tester amplicons were ligated to J Hind or J Bam adaptors and amplified 
using the same protocol mentioned in sections 3.2.4.2 (b) and 3.2.4.2 (c). Amplified 
tester amplicons were purified by GeneAll® ExpinTM PCR SV Mini kit and no 
removal of adaptors was required. The annealing/extension temperature for the J Hind 
24 primer was set at 70 ºC while 72 ºC was used for J Bam 24 primer. It should be 
noted that only the tester amplicons are ligated to defined oligonucleotides prior to the 
hybridization step, but not the driver amplicons. 
b2 First round of subtractive hybridization 
 Five hundred ng of the J adaptor ligated2tester amplicons were mixed with 40 
Ng of driver amplicons (tester: driver ratio of 1:80) for the first round of subtractive 
hybridization. A one2tenth volume of 3M sodium acetate (NaOAC), pH 5.2 and 3 
volume of absolute EtOH were added to the mixture followed by incubation at 280 ºC 
for 60 min. DNA precipitation was carried out by centrifugation at 13,000 rpm, 4 ºC, 
for 30 min. The pellet was washed twice with 70% (v/v) EtOH and centrifuged at 
13,000 rpm, 4 ºC, for 15 min. The DNA pellet was vacuum dried before resuspension 
with 4 Nl of 3x EE buffer [30 mM (22hydroxyethyl piperizine)2N’2(32propene sulfonic 
acid) (EPPS), pH 8 and 3 mM EDTA]. DNA solutions we
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min in a thermal cycler and 1 Nl of 5 M NaCl was added. The mixture was incubated 
at 67 ºC for 20 h to allow hybridization process to occur.  
c2 Selective amplification 
 At the end of the hybridization, DNA was diluted to a 0.1 Ng/Nl concentration 
by adding 395 Nl of TE buffer. Four tubes of PCR reaction were set up for each 
subtractive hybridization reaction, containing 40 Nl of diluted hybridized DNA (4 Ng), 
0.32 mM dNTPs mix, 0.1 mg/ml BSA and 10 Nl of 10x PCR buffer in a total volume 
of 100 Nl. The reaction mixture was incubated without primer at 72 ºC for 3 min in a 
preheated thermal cycler before addition of 15 U of  ! DNA polymerase and 
incubation at 72 ºC for another 5 min. This step is necessary to fill in and reform the 
adaptor ends of re2annealed tester that is the priming site for exponential enrichment 
of difference products. Hybridized DNA was amplified for 10 cycles (1 min at 95 ºC, 
3 min at 72 ºC, and held for 10 min more for the last cycle) after addition of 1.55 NM 
of J Hind 24 or J Bam 24 primer, according to the reaction. For the J Hind 24 primer, 
annealing/polymerization temperature of 70 ºC was used instead.   
 PCR products were purified with the kit and DNA was eluted with 50 Nl of 
elution buffer. Twenty microliters of amplified product were incubated with 20 U of 
mung bean nuclease (New England Biolabs) at 30 ºC for 30 min in a total volume of 
40 Nl to degrade single2stranded DNA molecules present after amplification. The 
reaction was stopped by adding 160 Nl of 50 mM Tris2HCl (pH 8.0) and the nuclease 
was heat inactivated for 5 min incubation at 98 ºC. Forty microliters of the nuclease2
treated products were amplified for another 20 cycles under the same conditions as 
before the mung bean treatment. The PCR products were purified by kit and the 
resulting amplicons were termed the First Difference Product.  
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2 Subsequent subtractive hybridization  
 For the second round of subtractive hybridization, difference products from 
the first round were digested with the original restriction endonuclease (HI or 
dIII), ligated and amplified with the N adaptor pair (Table 3.2, primer set 3). One 
hundred nanograms of the N adaptor2ligated difference products were mixed with 40 
Ng driver and the hybridization and kinetic enrichment process were repeated as in the 
first cycle. This second hybridization was done at a tester: driver ratio of 1: 400. For 
the third round, J adaptor set (Table 3.2, primer set 2) was ligated to restriction 
enzyme digested2products from round two. Two hundred pictograms of these J 
adaptor2ligated difference products were then mixed with 40 Ng of driver, a tester: 
driver ratio of 1: 200,000. Subtraction hybridization and amplification were repeated 
again with the first kinetic amplification done at 15 cycles instead of 10; and after 
mung bean degradation, 30 cycles of final amplification was carried out compared to 
the previous 20 cycles due to the low amount of tester present.  
 Difference products from all three rounds of subtractive hybridization were 
electrophoresed on a 3% agarose gel to analyse the enrichment profile.  
3.2.4.4  Cloning and sequencing of difference products 
Difference products from the round 3 subtractive hybridization were cloned 
and sequenced to examine their nucleotide composition and identify any potential 
sequence which could be used as possible markers close to the shell2thickness gene. 
a) Gel extraction 
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Difference products from round 3 were electrophoresed on a 2% agarose 
gel in 1x TAE. Difference products within the size range of 200 to 450 bp were 
excised using a clean razor blade under longwave UV2light. Exposure to 
shortwave UV2light was minimized to prevent formation of pyrimidine dimers. The 
excised agarose gel was purified using GeneAll® Combo Gel and PCR 
purification (GeneAll Biotechnology) according to manufacturer’s instruction. 
b2 TA cloning 
Based on a 3:1 insert:vector molar ratio, the purified difference products were 
ligated into pGEM2T easy vector (Promega) using T4 DNA ligase. This 
ligation mixture was incubated overnight at 4 °C. The ligated products were 
transformed into JM109 competent cells. In brief, frozen competent cells were 
placed in an ice bath for about 5 min until just thawed and the cells were mixed 
by gentle flicking. Fifty microliters of competent cells were transferred into a 
sterile 1.5 ml microcentrifuge tube on ice follow by addition of 2 Nl ligation 
reaction. After mixing them by flicking the tubes, the mixture was placed on ice 
for 20 min. The cells were then heat2shocked in a 42 °C water bath for 45 s and 
immediately returned to ice for 2 min. Room2temperature Super Optimal Broth 
(SOC medium) containing 2% (w/v) bactotryptone, 0.5% (w/v) bacto2yeast extract, 
10 mM NaCl, 2.5 mM KCl, 20 mM Mg2+stock and 20 mM glucose was added to 
the tubes to a total volume of 1 ml. The tubes were incubated at 37 °C for 1.5 h 
with 150 rpm shaking. One hundred microliters (10%) of each transformation 
culture was plated on LB plates with ampicillin/IPTG/X2Gal [15 g agar in 1 L of 
Luria2Bertani (LB) containing 1% (w/v) bacto2tryptone, 0.5% (w/v) bacto2yeast 
extract and 0.5% (w/v) NaCl, pH 7.0 with 100 Ng/ml ampicillin, 0.5 mM isopropyl2
β2D2thiogalactoside (IPTG) and 80 Ng/ml 52bromo242chloro232indolyl ß2D2
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galactopyranoside (X2Gal)]. The plates were inverted and incubated overnight at 
37 °C. 
c2 Screening of positive transformants 
Based on blue2white colony screening, white colony transformants were 
picked using a sterile toothpick and mixed into a 20 Nl PCR reaction. The same 
toothpick was used to steak on LB plates with 100 Ng/ml ampicillin for 
purification of colonies. The presence of inserts in the vector was confirmed 
by colony2PCR screening using the J Bam 24 or J Hind 24 primer. PCR was 
performed with an initial denaturation at 95 °C for 5 min, 30 cycles of denaturation 
at 95 °C for 1 min, annealing/extension at 72 °C (for HI amplicons) or 70 °C 
(for dIII amplicons) for 2 min and a final extension of 72 °C for additional 10 
min. PCR products were analyzed on a 2% agarose gel to check the existence of 
insert. The LB plates were incubated overnight at 4 °C. Clones with inserts 
were inoculated in 3 ml of LB medium with 100 Ng/ml ampicillin the day after 
and incubated overnight at 37 °C, with shaking at 200 rpm. 
Plasmids were extracted from the overnight bacterial culture using the 
GeneAll® ExprepTM Plasmid Quick Kit (GeneAll Biotechnology, Korea). The 
presence of an insert and the insert size was again confirmed by PCR with the 
respective J Bam 24 or J Hind 24 primer. Sixty nanograms of plasmid in 50 Nl of 
total reaction mixture were amplified with PCR conditions of initial denaturation at 
95 °C for 2 min, 25 cycles of denaturation at 95 °C for 1 min, annealing/extension at 
72 °C (for HI amplicons) or 70 °C (for dIII amplicons) for 2 min and final 
extension of 72 °C for an additional 10 min. PCR products were analyzed on a 3% 
agarose gel together with the corresponding round three difference products. 
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Plasmids with an insert size in the expected size range were then sent to Macrogen 
Inc. (South Korea) for sequencing using the T7 primer located on the pGEMeasy 
vector. 

2 Analysis of sequences obtained 
The resulting sequences of round 3 reciprocal subtractive hybridization of 
both HI and dIII amplicons were analyzed using a multiple sequence 
alignment program, ClustalW2, available on the European Bioinformatics 
Institute website of European Molecular Biology Laboratory (EMBL2EBI) 
(http://www.ebi.ac.uk/) to study the identities, similarities and differences 
between sequences. 
Homology searches against sequences available in the GenBank database 
were also performed for each sequence using the BlastN procedure 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul  
, 1990). Adaptor 
sequences (242mer) were removed from the sequences before the homology search 
except for the recognition site of the HI or dIII restriction enzymes. 
3.2.4.5  Assessment of the RDA technique with positive control 
The effectiveness of the RDA technique was tested using a positive control. 
dIII digestion of #$ DNA gives rise to nine distinct bands, which are 125, 
564, 2027, 2322, 4361, 6557, 9416 and 23130 bp.  The 125 bp fragment was selected 
as the positive control for RDA and this fragment was used to spike the control 
sample containing the tester DNA. 
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dIII2digested #$ DNA ladder (Fermentas) was electrophoresed on a  
1% agarose gel containing 1x SYBR Safe DNA stain in 1x TAE buffer. Band 125 bp 
was excised using a clean razor blade under longwave UV2light. The excised agarose 
gel was purified using the GeneAll® Combo Gel and PCR purification kit according 
to manufacturer’s instruction.  The 125 bp fragment was added into control samples 
of the dIII2digested genomic bulks of the legitimate  and  tester of the 
769 controlled cross at a molecular level of 1, 10, 100 and 1000 copies. Reciprocal 
RDA analysis was performed as mentioned in sections 3.2.4.2 and 3.2.4.3 for three 
rounds of subtractive hybridization. Difference products were analyzed through 
electrophoresis on 3% agarose gel and visualized using UV.  
A specific primer pair, Lambda125F (5’2AAG CTT GGC TTG GAG CCT G2
3’) and Lambda125R (5’2GAG CTT AGA ACC TTT ACC AAA GG23’), were 
designed for the 125 bp fragment from dIII2digested #$ DNA. This primer 
pair was used to detect the presence of the positive control, 125 bp fragment, in the 
tester as well as the difference products after subtractive hybridization. PCR was 
carried out with each tube containing 0.5 Nl of tester amplicons or round 3 difference 
products, 0.5 NM each of forward and reverse primer, 0.32 mM dNTP, 1.5 mM 
MgCl2, 1 U of  ! polymerase and 1x PCR buffer in total volume of 25 Nl.  The 
excised 125 bp fragment and round 3 difference products of  tester against 
 driver of the 768 controlled cross (without #$ DNA added) were used as 
positive and negative control, respectively. PCR amplification was performed with 
initial denaturation at 95 ºC for 3 min, 25 cycles of denaturation at 95 for 30 s, 
annealing at 70.5 ºC  for 1 min and extension at 72 ºC for 30 s, followed by a final 
extension at 72 ºC for 10 min. PCR products were checked by electrophoresis on a 3% 
agarose gel.  
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3.2.5  454 pyrosequencing of round 2 and 3 difference products 
 454 pyrosequencing was employed to sequence the round 2 and 3 difference 
products alongside conventional bacterial cloning followed by Sanger sequencing. 
Three different reciprocal RDA analyses were studied; these include Deli  of the 
744 against  of the 769 controlled cross (first RDA analysis); reciprocal 
analysis of the 769 controlled cross, with and without outcrosses (first and second 
RDA analysis).  
 In order to combine all the difference products of RDA into a single sample 
for 454 pyrosequencing, the J and N adaptor sequences were modified such that by 
having a single base change, a series of adaptor sequences were generated (Table 3.3, 
Bioneer) and could be used to amplify the final products for sequencing. This allows 
individual reactions to be identified after sequencing (Table 3.4). This principle has 
been proven (Mayes 
, unpublished data; Ho 
, 2013). 
Phusion polymerase was used to create blunt2end products for 454 sequencing. 
Final products were generated with each PCR tube containing 40 Nl of nuclease2
treated products, 1.25 NM primer, 0.32 mM dNTP, 1 U Phusion  High2 Fidelity 
polymerase (Finnzymes) and 20 Nl of 5x Phusion HF buffer in total volume of 100 Nl.  
PCR amplification was carried out as follows, initial denaturation at 98 ºC for 30 s, 35 
cycles of denaturation at 98 ºC for 20 s and annealing/extenstion at 72 ºC for 90 s, 
with final extension at 72 ºC for 10 min. PCR products were purified with the kit. 
Quality and quantity of purified products were checked by electrophoresis on a 1.5% 
agarose gel and OD measurement at 260 nm wavelength. Equal amount of purified 
PCR products were pooled with each contributing 2 Ng DNA.  
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Table 3.3: Series of oligonucleotide primers for 454 sequencing based on single 
base modification of N and J 24 primers.  
Primer Name Primer sequences 
NBam24A 
NBam24B 
NBam24C 
NBam24D 
NBam24E 
NBam24F 
 
5’2AGG CAA CTG TGC TAT CCG AGG GAG23’ 
5’2AGG CAA CTG TGC TAA CCG AGG GAG23’ 
5’2AGG CAA CTG TGC AAT CCG AGG GAG23’ 
5’2AGG CAA CTG TGG TAT CCG AGG GAG23’ 
5’2AGG CAA CTC TGC TAT CCG AGG GAG23’ 
5’2AGG CAA CTG TGC TAT CGG AGG GAG23’ 
 
NHind24A 
NHind24B 
NHind24C 
NHind24D 
NHind24E 
NHind24F 
 
5’2AGG CAG CTG TGG TAT CGA GGG AGA23’ 
5’2AGG CAG CTG TGG TAA CGA GGG AGA23’ 
5’2AGG CAG CTG TGG AAT CGA GGG AGA23’ 
5’2AGG CAG CTG TGC TAT CGA GGG AGA23’ 
5’2AGG CAG CTC TGG TAT CGA GGG AGA23’ 
5’2AGG CAG CTG TCG TAT CGA GGG AGA23’ 
JBam24A 
JBam24B 
JBam24C 
JBam24D 
JBam24E 
JBam24F 
 
5’2ACC GAC GTC GAC TAT CCA TGA ACG23’ 
5’2ACC GAC GTC GAC AAT CCA TGA ACG23’ 
5’2ACC GAC GTC GAC TAA CCA TGA ACG23’ 
5’2ACC GAC GTC GAG TAT CCA TGA ACG23’ 
5’2ACC GAC GTG GAC TAT CCA TGA ACG23’ 
5’2ACC GAG GTC GAC TAT CCA TGA ACG23’ 
 
JHind24A 
JHind24B 
JHind24C 
JHind24D 
JHind24E 
JHind24F 
 
5’2ACC GAC GTC GAC TAT CCA TGA ACA23’ 
5’2ACC GAC GTC GAC AAT CCA TGA ACA23’ 
5’2ACC GAC GTC GAC TAA CCA TGA ACA23’ 
5’2ACC GAC GTC GAG TAT CCA TGA ACA23’ 
5’2ACC GAC GTG GAC TAT CCA TGA ACA23’ 
5’2ACC GAG GTC GAC TAT CCA TGA ACA23’ 
(Underling indicates the base change) 
 
Table 3.4: Corresponding template DNA for each modified 454 primers.  
Primer  Template DNA (Mung bean treated9products) 
A 744 Deli  (tester) against 769  (driver) 
B 769  (tester) against 769  (driver), with outcross D36 
C 769  (tester) against 769  (driver), without outcross D36 
D 769  (tester) against 744 Deli  (driver) 
E 769  (tester) against 769  (driver), with outcross D36 
F 769  (tester) against 769  (driver), without outcross D36 
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Pooled samples were analyzed on a 2% agarose gel in 1x TAE buffer and 
bands within the size range of 200 to 700 bp were excised and purified using the kit. 
This gel2purified sample was sent for a 1/16th run 454 sequencing using Roche 
Genome Sequencer (Centre for Genetics and Genomics, University of Nottingham).  
3.2.5.1  454 pyrosequencing data analysis 
 Raw sequencing data was divided into clusters based on the modified J and N 
adaptor sequences by the service provider before the result was received.   
assembly was performed using CLC Genomics Workbench v5.0 (CLC Bio). Adaptor 
sequences were removed and contigs from different pools of RDA analysis were 
compared with the use of BioEdit Sequence Alignment Editor Version 7.1.11 (Hall, 
1999).  
By using CLC Genomics Workbench, homology searches for each R3 contig 
were performed against an in2house database of oil palm mesocarp transcriptome 
(Mayes 
, unpublished data), %&date palm) genome (Al2Dous 

, 2011) as well as '&( (rice) and $  database available 
in NCBI website using BlastN, with probability scores below 1e210 considered to be 
potentially significant. In addition, all the R3 contig sequences were also sent to 
MPOB for homology analysis against MPOB  Assembly V5 and the repetitive 
DNA elements database TIGR and RepBase. MPOB has previously anchored the 
 genome assembly to their genetic linkage map T128. For any particular 
scaffold that a contig has significant hits to, the linkage group that the scaffold 
belongs to was also disclosed. 
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3.3  Results  
3.3.1 Fingerprinting analysis and generation of DNA bulks 
 Fingerprinting analysis using 13 polymorphic CIRAD SSR markers identified 
one illegitimate sample from each controlled cross (Tables 3.523.7). The outcrosses 
were  36 from the 769,  28 from the 768 and  48 from the 751 
controlled cross. They were considered as outcrosses because at least one of the 
primers screened was found to have bands that were not present in their respective 
parents. In fact, D36 from the 769 controlled cross had 10 out of 13 primer pairs 
showing incorrect banding (Table 3.5) while D28 from the 768 (Table 3.6) and P48 
from the 751 controlled cross (Table 3.7) had seven and six primer pairs showing 
incorrect bands, respectively. The rest of the samples were consistent with being 
derived from the appropriate  self2pollinated. The three outcrosses were 
excluded from the DNA bulks for further study.  
	
   
98 
 
Table 3.5: Fingerprinting analysis of  and 	
 samples from the 769 controlled cross using 13 CIRAD SSR 
primers.  
 
√= consistent with the parent; x = not consistent with the parent, outcross 
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Table 3.6: Fingerprinting analysis of  and 	
samples from the 768 controlled cross using 13 CIRAD SSR 
primers.  
 
√= consistent with the parent; x = not consistent with the parent, outcross 
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Table 3.7: Fingerprinting analysis of  and 	
 samples from the 751 controlled cross using 13 CIRAD SSR 
primers. 
 
√= consistent with the parent; x = not consistent with the parent, outcross 
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 After confirming the legitimacy of all samples,  and  of the 
same controlled cross, meaning that they are derived from a single segregating 
population, were pooled together according to their shell2thickness. On the other hand, 
the identity of  dura progenies of the 744 controlled cross was not fingerprinted 
due to the lack of an available parent. Figure 3.1 shows that all DNA bulks were of 
good quality and could be used for both RDA and AFLP analysis.   
 
Figure 3.1: Electrophoresis profiles of DNA bulks generated. (1) Deli  from the 
744 controlled cross; (2)  and (3)  from the 769 controlled cross; (4)  and (5) 
 from the 768 controlled cross; (6)  and (7)  from the 751 controlled cross. 
M, 1 kb ladder (New England Biolabs). 
3.3.2  Optimization of the RDA protocol  
a) Optimization of restriction digestion 
dIII, HI, RI and I seemed to digest oil palm DNA well (Figure 
3.2). I having a 4 bp recognition site cut DNA into smaller average fragments of 
less than 3 kb in size [Figure 3.2 (E)]. In contrast, DNA was not digested or 
minimally digested by the II and I enzyme [Figure 3.2 (D) and (F)]; the 
digested products had a similar gel profile to the undigested negative control, 
indicating that the majority of the DNA was still in its intact form.  
	
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Figure 3.3: Amplification profiles of PCR using five different primer 
concentrations (0.8, 1, 2, 3 and 4 ?M). –ve, negative control of PCR reaction; M, 
100 bp marker (New England Biolabs). 
Figure 3.3 demonstrates that DNA fragments smaller than 500 bp were 
preferentially enriched with increasing amounts of primer in the PCR despite the 
background whole genome amplification of fragments less than 1 kb. Dense DNA 
bands of about 300 to 200 bp started to appear when 2 NM of primer was used. This 
preferential enrichment of DNA fragments less than 500 bp is not desirable as all 
DNA fragments smaller than 1,500 bp should receive same degree of enrichment 
before going into subtractive hybridization in which the unique target fragments in the 
tester will be preferentially amplified. Therefore, a primer concentration of 1 NM was 
used in subsequent PCR reactions of RDA analysis. 
3.3.3  First RDA analysis 
a) Generation of first round HI and dIII amplicons (representations) 
After digestion of genomic DNA, ligation of adaptor primers to DNA 
fragments and amplification of ligated DNA fragments, first round HI and 
dIII amplicons were generated. Gel2electrophoresis of all amplicons shows 
patterns of multiple bands (Figure 3.4). All six amplicons contained predominantly 
small restriction DNA fragments between the size of 200 to 1500 bp, representing a 
500 bp 
300 bp 
200 bp 
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subpopulation of the initial tester and driver sequences, hence the complexity of the 
genomic DNAs was successfully reduced.  
                    
Figure 3.4: Electrophoresis profiles of the first round RDA amplicons. (A) HI 
and (B) dIII amplicons. 1, 744 Deli ; 2, 769 ; 3, 769 . M, 100 bp marker 
(New England Biolabs). 
b) Reciprocal subtractive hybridization of HI and dIII amplicons 
Three rounds of subtractive hybridization were performed for both HI and 
dIII amplicons with increased stringency; tester: driver ratio of 1:80, 1:400 and 
1:200,000 for round 1, 2 and 3, respectively. Reciprocal analysis was performed in 
which the 744 Deli  or the 769  was used as tester and the 769  as 
driver in one experiment while in another experiment, the 769  was the tester 
with the 744 Deli  or the 769  as the driver.  
Figures 3.5 and 3.6 illustrate that a smear of DNA fragments from the initial 
representations was gradually replaced by distinct DNA bands of discrete length after 
three rounds of subtractive hybridization; indicating that significant enrichment of 
target sequences had been achieved for both HI and dIII amplicons. Different 
enrichment profiles were observed between reciprocal subtractive hybridization of the 
same amplicons (red arrow, Figures 3.5 and 3.6). There were no obvious differences 
in enrichment profiles between the 744 Deli  and the 769  samples, 
(B)
  
(A)
1 kb 
500 bp 
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regardless of whether they were used as tester or driver (blue arrow, Figures 3.5 and 
3.6).  
Figure 3.5: HI enrichment profiles of three rounds of reciprocal subtractive 
hybridization. (A) The 744 Deli  and 769  were used as tester to hybridize against 
driver 769  and (B)  with three rounds of subtractive hybridization at tester: 
driver ratio of 1:80 for R1, 1:400 for R2 and 1:200,000 for R3, respectively. DD, 744 Deli 
; D, 769 dura; P, 769 . M, 100 bp ladder (New England Biolabs). Red arrows 
indicate different enrichment profile between reciprocal analyses while blue arrows indicate 
no difference in enrichment profile between 744 Deli  and 769 .  
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Figure 3.6: dIII enrichment profiles of three rounds of reciprocal subtractive 
hybridization. (A) The 744 Deli  and 769  were used as tester to hybridize against 
driver 769  and (B)  with three rounds of subtractive hybridization at tester: 
driver ratio of 1:80 for R1, 1:400 for R2 and 1:200,000 for R3, respectively. DD, 744 Deli 
; D, 769 dura; P, 769 . M, 100 bp ladder (New England Biolabs). Red arrows 
indicate different enrichment profile between reciprocal analyses while blue arrows indicate 
no difference in enrichment profile between 744 Deli  and 769 .  
c) Sanger sequencing and characterization of difference products 
Positive clones from round 3 difference products were obtained through 
colony screening of bacterial transformants. All clones were denoted as XYZ 
with X for tester, Y for driver and Z for restriction endonuclease used 
followed by a number. The 744 Deli bulk was represented by DD, 769 
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as D, 769 as P while HI and dIII enzymes were simplified as B 
and H, respectively. Thus, when the 744 Deli was used as tester to hybridize 
against the driver 769 of HI amplicons, the 15 clones being screened 
were named as DDPB21 to DDPB215, respectively. 
Screening of the plasmids by PCR amplification showed that the majority of 
plasmids contained inserts of different sizes ranging from 200 to 450 bp, 
corresponding well with the respective difference products sizes targeted. Only 
inserts of similar size to the difference products were sent for sequence analysis. 
Multiple sequence alignment using ClustalW revealed that each category of 
difference products had at least two clones that were identical (data not shown). In 
addition, many clones within the 744 Deli  and the 769  analysis had 
identical sequences, regardless of whether the 744 Deli or 769 were 
used as tester or driver. Such identical clones were noticed in both HI and 
dIII representations (Table 3.8). It was noticed that 5 identical clones of PDH 
(PDH22, 24, 26, 213 and 214) were actually the same clone as the 4 identical clones 
of PDDH (PDDH23, 24, 28 and 211) with an alignment score of at least 96%. Besides 
the PDDH23 clone family, clone PDDH25, 26 and 29 were also found to have an 
alignment score of more than 96% and PDH215 also fell into this family. It was 
not expected that identical clones would be located within reciprocal analysis of 
the same representations (Table 3.9), suggesting that the subtraction of common 
sequences did not go to completion. 
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Table 3.8: Identical clones within the 744 Deli  and the 769  analysis. 

 
Restriction 
enzymes 
Tester Driver Clones 
ID 
Length 
(bp) 
Alignment 
Score 
Sequence 
alignment 
HI Deli  
Deli  




DDPB23 
DDPB26  
DPB215 
283 
283 
281 
≥88 Appendix 
B1 
HI Deli  



DDPB29 
DPB25  
356 
356 
87 Appendix 
B2 
HI Deli  



DDPB211  
DPB211 
289 
289 
90 Appendix 
B3 
HI 

Deli  

PDDB21 
PDB25 
359 
359 
96 Appendix 
B4 
HI 

Deli  

PDDB27 
PDB210 
420 
420 
97 Appendix 
B5 
HI 


Deli  


PDDB213  
PDB24  
PDB212  
331 
330 
330 
≥95 Appendix 
B6 
III Deli  



DDPH28 
DPH28 
337 
337 
89 Appendix 
B7 
III Deli  



DDPH210 
DPH215 
395 
394 
94 Appendix 
B8 
III 

Deli  

PDDH21  
PDH28  
385 
385 
96 Appendix 
B9 
III 







 
Deli  
Deli  
Deli  
Deli  




 
PDDH23 
PDDH24 
PDDH28 
PDDH211  
PDH22 
PDH24 
PDH26 
PDH213 
PDH214 
448 
448 
448 
448 
448 
448 
448 
448 
448 
≥97 Appendix 
B10 
III 


 
Deli  
Deli  
Deli  

PDDH25  
PDDH26 
PDDH29 
PDH215  
323 
323 
323 
323 
≥97 Appendix 
B11 
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Table 3.9: Identical clones in reciprocal analysis of HI and III 
amplicons.  
Restriction 
enzymes 
Tester Driver Clones ID Length 
(bp) 
Alignment 
Score 
Sequence 
alignment 
HI Deli  


 

Deli  


DDPB21  
PDDB213 
PDB24 
PDB212  
330 
331 
330 
330 
95 Appendix 
C1 
HI 



DPB26  
PDB26  
456 
456 
94 Appendix 
C2 
HI Deli  


 


Deli  
Deli  
DDPB29 
DPB25  
PDDB26 
PDDB29 
355 
356 
356 
356 
≥87 Appendix 
C3 
III Deli  
Deli  

 


Deli  
Deli  
DDPH22 
DDPH213 
PDDH214 
PDDH215 
280 
281 
282 
281 
≥84 Appendix 
C4 
III 



 

Deli  
Deli  
Deli  

DPH27 
PDDH25  
PDDH26 
PDDH29 
PDH215 
323 
323 
323 
323 
323 
≥97 Appendix 
C5 
III 





Deli

DPH211 
DPH212 
PDDH21 
PDH28  
385 
385 
385 
385 
≥94 Appendix 
C6 
Homology searches against the GenBank database revealed that PDDH23 
clone family with length of 448 bp had significant homology with a mitochondria 
DNA sequence from plant species (Table 3.10). The E2value of the BlastN search 
was as high as 0.0 followed by 5e2177. Meanwhile, PDDH25 family (323 bp) was 
also found to be homologous to the chloroplast gene of , coding for 
23S ribosomal RNA (rrn23), with an E2 value of 4e2125 (Figure 3.7). The 
discovery of mitochondria and chloroplast DNA rather than nuclear DNA for both 
clone families was rather unexpected. 
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Table 3.10: Homology search of PDDH93 family using GenBank database.  
Accession 
number 
Description Query 
coverage 
E9value Maximum 
identities 
EU365401.1 $ 
mitochondrion,complete 
genome 
100 % 0.0 95 % 
FM179380.1  complete 
mitochondrial genome, 
cultivar Pinot noir clone 
ENTAV115 
100 % 5e2177 96 % 
AP011077.1 '&( Indica Group 
mitochondrial DNA, 
complete genome, cultivar: 
Lead rice 
100 % 7e2176 94 % 
AP011076.1 '&() 
mitochondrial DNA, 
complete genome 
100 % 7e2176 94 % 
BA000029.3 '&( Japonica 
Group mitochondrial DNA, 
complete genome 
100 % 7e2176 94 % 
EU431224.1 & 
mitochondrion, complete 
genome 
100 % 3e2173 94 % 
BA000042.1 *$ 
mitochondrial DNA, 
complete genome 
99 % 4e2166 92 % 
Y08501.2 $ 
mitochondrial genome 
100 % 6e2145 88 % 
AP006444.1  
mitochondrial DNA, 
complete genome 
100 % 6e2145 88 % 
AP009381.1 &) 
mitochondrial DNA, 
complete genome 
82 % 1e2122 89  
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Figure 3.7: BlastN search of PDDH95 family using GenBank database. E2 value 
and identities of the search are shown. 
3.3.4  Second RDA analysis  
 Fingerprinting results indicated that each controlled cross had one outcross 
sample that should be excluded from bulk construction. Consequently, RDA analysis 
was repeated using pooled legitimate  and samples of the 769, 768 and 
751 controlled crosses.  
a) Generation of HI and dIII representations 
 Genomic digestion of pooled DNA using HI or dIII restriction 
endonucleases displayed smearing of DNA as compared to the single bands of intact 
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b2 Reciprocal subtractive hybridization of HI and dIII amplicons 
After three rounds of subtractive hybridization with increased stringency, 
progressive enrichment of tester was observed in Figure 3.10; the smearing of DNA 
fragments from round 1 difference products was slowly replaced by discrete DNA 
bands of round 3 difference products. However, unexpected highly similar enrichment 
profiles were obtained for reciprocal analyses. The banding pattern of RDA analysis 
of HI representations was the same for all the three controlled crosses, but 
different from those of RDA analysis of dIII amplicons. In the previous RDA 
analysis using the 769 controlled cross with D36 outcross included, different 
enrichment profiles between reciprocal analyses were observed (Figures 3.5 and 3.6; 
Figure 3.11, lanes 9 and 10). RDA study on the 744 Deli against the 769  
was also found to be enriched differently between reciprocal (Figures 3.5 and 3.6; 
Figure 3.11, lanes 7 and 8). 
 
	
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Figure 3.11: Enrichment profiles of round 3 difference products from both first 
and second reciprocal RDA analyses. Reciprocal analysis was compared side by side. D, 
; P, ; DD, Deli . M, 100 bp ladder (New England Biolabs). 
3.3.5  Assessment of the RDA technique with positive control  
 In view of the highly similar enrichment profiles in reciprocal analyses, the 
effectiveness of the RDA technique was tested with the 125 bp fragment from 
dIII2digested #$ DNA added into the tester as positive control spike (red 
arrow, Figure 3.13). After three rounds of reciprocal subtractive hybridization 
analysis of the legitimate 769 pooled samples, it was demonstrated that highly similar 
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Figure 3.13: Amplification profiles of the positive control 125 bp fragment using 
Lambda125 primer pair. (A) Round 3 difference products of reciprocal analysis of the 
legitimate 769 pooled samples and (B) tester DNA were subjected to Lambda125 primer pair 
amplification. Positive control spike was added into the tester in molecular level of (1) 1, (2) 
10, (3) 100, and (4) 1000 copies, respectively.  The excised 125 bp fragment was the positive 
control while the previous round 3 difference products of the 768 controlled cross was used as 
negative control. Arrow indicates the 125 bp fragment. D, ; P, . M, 100 bp ladder 
(New England Biolabs). Arrow indicates the amplification of positive control.  
3.3.6 454 pyrosequencing of round 2 and 3 difference products 
a) Tagging of RDA pools for 454 pyrosequencing 
 Round 2 and 3 difference products of the reciprocal 744 Deli  against 769 
 and reciprocal analysis of  against  of the 769 controlled cross 
with and without the D36 outcross were successfully amplified by N and J 24 primer 
with single nucleotide modifications to allow labelling of products within the 454 
sequencing pools (Figure 3.14). This allows each difference product to be identified 
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 Sequences generated from 454 pyrosequencing were clustered into their 
original RDA pools according to the respective adaptor sequences. A total of 37,239 
sequences were generated for all the 24 RDA pools and from there, 1,103 contigs 
were assembled, as summarised in Table 3.11. In general, RDA analysis using the 
dIII restriction enzyme generated fewer contigs compared to RDA analysis with 
the HI enzyme. Significant reduction of contigs were also observed in the RDA 
analysis using fully legitimate samples (pools C and F) compared to samples pools 
containing an outlier (pools B and D), particularly those of round 3 analysis.    
Table 3.11: Number of sequences and assembled contigs for each RDA pool.  
Restriction 
Enzyme 
RDA 
round 
Tester Driver 
Name 
of RDA 
pool 
No. of 
reads 
No. of 
contigs 
assembled 
HI 
R2 
744 Deli  769  NBamA 675 58 
769 +outcross D36) 769 P NBamB 714 49 
769  (x outcross) 769  NBamC 1148 29 
769  744 Deli  NBamD 1103 60 
769 P 769  (outcross D36) NBamE 739 62 
769  769  (x outcross) NBamF 1303 54 
R3 
744 Deli  769  JBamA 990 79 
769 +outcross D36) 769 P JBamB 1700 90 
769  (x outcross) 769  JBamC 1384 23 
769  744 Deli  JBamD 2007 81 
769 P 769  (outcross D36) JBamE 3233 102 
769  769  (x outcross) JBamF 1871 27 
dIII 
R2 
744 Deli  769  NHindA 801 37 
769 +outcross D36) 769 P NHindB 736 35 
769  (x outcross) 769  NHindC 1432 16 
769  744 Deli  NHindD 1711 16 
769 P 769  (outcross D36) NHindE 1497 31 
769  769  (x outcross) NHindF 1792 30 
R3 
744 Deli  769  JHindA 1124 52 
769 +outcross D36) 769 P JHindB 979 47 
769  (x outcross) 769  JHindC 1843 26 
769  744 Deli  JHindD 2258 22 
769 P 769  (outcross D36) JHindE 3071 52 
769  769  (x outcross) JHindF 3128 23 
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c2 Homology search within the RDA pools 
 Due to time constraints, further homology search analysis was focused on 
contigs obtained from round 3 RDA but not round 2. Contigs were categorized into 
three different classes according to their homology search result (Table 3.12). Contigs 
that were present only in their own pool were unique contigs. Contigs that can be 
found in at least two of the  tester pool but not  pool, or , were 
/2specific contigs whereas universal contigs were contigs that were 
present in both  and  RDA pools.  
 A majority of contigs, about 70%, were universal contigs that could be 
identified in both direction of reciprocal RDA analysis, followed by 22% of unique 
contigs.  Only a small portion of contigs was regarded as /2specific 
contigs that could be of particular interest. These 17 /2specific contigs 
could be potentially shell2thickness related2markers that are worth further 
investigation. A total of 15  and 2specific contigs were generated from the 
HI analysis while the dIII analysis had only produced two 2related 
contigs but not 2related contigs.  
Table 3.12: Classification of round 3 RDA contigs.  
JBam A B C D E F 
Unique 25 29 0 7 22 1 
universal 48 54 22 56 65 21 
/	
9specific 6 7 1 18 15 5 
Total 79 90 23 81 102 27 
JHind A B C D E F 
Unique 14 19 3 0 14 2 
Universal 36 27 22 22 38 21 
/	
9specific 2 1 1 0 0 0 
Total 52 47 26 22 52 23 
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The list of putative contigs is presented in Table 3.13. Each group of contigs 
contains different numbers of transcripts with variable lengths; hence the longest 
contigs representative of each group were used for further analysis. The restriction 
recognition sites [HI (GGATCC) and dIII (AAGCTT)] could be recovered 
and highlighted in some of the contigs.    
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Table 3.13: Putative shell9thickness related9contigs and their sequences.  
Category 
Restriction 
Enzyme 
Representative 
Members 
of contigs 
Sequence 
2
specific 
HI JBam_B17  JBam_A15 GGTGGTGGTGGAGGTGGAGGTGGAG
GGGGTTCCGGATATGGGAGTGGTGG
CGGGAGTGGCTCTGGTTATGGATCGG
GATATGGTGATGGTTCAGGCTACGGC
AGCGGTACGGGTGGAGGACATGGTG
AAGGAGGAGGAGGAGGTGGCGGCGG
CGGTGGCGGTGGGAGTTACGGCGGT
GGGGGGAGTTACGGCGGAGGTGGCG
GCGGCGGCGG 
  JBam_A19 JBam_B57, 
JBam_B77 
GGATCCCACCATCATCATCCCCGCAT
TAAAGAAGCCCTGATGCCCTTCTCCT
CCCACCATCCCCCCCTGAGTAAAACG
ACCCCGACTACCACCCCCTTCCAGAA
ACGCGCACGACGGCGACTGCACCGC
CGCCTCCAACCCCACGAGCCCGCCCG
GCATCGCCGCCAGGCACTCCTCCTCG
TACGCCGGCGCCTGCTGCTGCGCCGA
CGGGCCCCCTATCTGGATCGGCACCA
TGGACTCGGGCGAGTAGGAGCCGTA
CCCGCCAATTGGGATCGGATCC 
  JBam_B90  JBam_A26 TCCTACGAGGCCGTGCTCGATGACCC
GGCCGTCGACGCCGTCTACGTGCCGC
TTCCCACGGGCCTACACGTCCGCTGG
GCGGTGGCCGCGGCGGAGCACGGGA
AGCACGTGCTCCTCGAGAAGCCCAC
GGCGCTGTGCGCCGCGGATCC 
  JBam_B67 JBam_A32, 
JBam_A31 
GGATCCAACGGTTGATCAACACGAA
CTCGAGATTCTCCACTCCATTGCTCC
TCGTGCAACTATAAATAACCACCTCC
CTCCTAAGTCCTAGGGCGCCACAAAT
TCCTCCCAAATCCGGGGGAGAGAGA
TTAAAAAAACGGCGAAGAAGAACGA
AGGCGGACGTCGATGCAGTCGATGG
ACGTGGAGAAGATCCCCGCCGGCGG
CGTGGAGAAGATCCCCGGCCGCGGC
GTGGAGGATGAGGAGGACTCGCCGA
TCGAGCAGGTGCGGCTGACGGCGTT
GACGACGGACGACCCGACGCTCCCG
GTGTGGACGTTCCGGATGTGGTTCAT
CGGGGTCCGTTCATGGATTGTCGACG
TCGGCTCCCTCGGATAGCAGAGTTGC
CT 
  JBam_B23 JBam_A38, 
JBam_C21 
GGATCCTATTGGTGATCCGGGGTAG
CAATTCTGCTCCTGGATGACGAGCTT
TAGCCCCGCGAGAACGGCGGCGAAG
CACACCGGGGCGGAGACGTAGGCAC
CGGTTCCGACGACGAGGTGGGGCGG
AGGGGCGGAGGAGATTCCAGCTGGC
AAAGATGGAGCGGAGGAGGGCGAGG
GGTAGGAGGAGGTTCTGTGGGGAGA
GGAAGGGACGGACCAGGCGGGACTT
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GGGGACCGGGAGGAACTCGTAGCCG
GCGGCGGGGACGAGGTCGTGCTCCA
TTCCAGTGCCGGTACCGAGGAAGAC
AATGCGGGTTCCCGGGCAGGCGGCT
CGGATCC 
 dIII JHind_A23 JHind_C22 AGCTTTGGAAGTAGGGATTTAAGCG
AAGAATAGCCATAGTCTGATAGCGG
AGTTAAGTGGAGAAGTAACTAGGAG
AATCAAGACAAGCAATACAGAAAGG
AAGAGATTAGGGGTTTATTTAGCTAA
GCACTGGATGCTCCATTTCTTTGGCG
TTCATGAGACCAACAAGGGGAAAAG
GGTGAAGTTAAAGTCCAGTTCAGGTA
TCCTTCCACCGAAGGAACATTCCTCT
GGCTACCAAGTACAAGCTATCACTTG
AGCCCTCTCCTTGCGAAGCTT 
   JHind_A50 JHind_B26 AGCTTGGCTATGTGGCTAGACTGCTG
CGTGCTTATTGGTATGTCCGAGGAAA
GGACTCGAGAGGGCTGGCCTTGGTGT
GTGGCATGCTGGGGCGCCGCACGGG
TGTTTGGGTAAGAAAACAATCATCCC
GTGACAATATGTCGCCGCCGCCGCCA
AAGTGGAGGGGCCGTTGTTACTGGG
GCCCGCCCATTTGTAACAACAAGCTC
ACCGGAGCCATGGCTTTGAGGCAGC
GTCGGTACCCTAGCCCAAAAGACAC
AGATGGCCATGGGACTCACACGGCT
AGCACTGCCGTGGGAAGCTT 
2
specific 
HI JBam_D29 JBam_F2 AGGTAGCGGCTCTGGCTCTGGGTCAG
GAAGCGGGTACGGGTCTGGCTCTGG
ATATGGCACCGGTGGAGCGCATGCT
GGAGGCTATGGAAGCGGTGGAGGTG
GCGG 
  JBam_D24 JBam_E36 TCCAACGAATAGGAGGCTCGAGGAG
GCGGCCGAGGGGAGGGCAGACCGGG
GCGTCGAAGAGACAGCCGGAGACTC
AGGGAAACCCAATCTAGCGACGGGG
AAGAGGGGACCGGTGGCAGCTGGGG
AGAGATGGGCCGAGAGCTCAGGGAG
GTGGTCAGGGCTCGGGGAGGTAGGA
GGTGGCCAAGGGGCTCAGTGTCCGA
TGGAATGGGCTCGGGAAGCGAGATC
CGATGGTCAGTGGCTCAGGGAGGCG
GCTGGTGGCTCGAGGCAGTGGGATC
C 
   JBam_D68 JBam_E62, 
JBam_E61 
TCCGGTCATAGCCCTCGCGGCTCCGA
CGGTCCAAGTGGAGGAGAGGCCGAC
AGAGGAGGTGGCCGAAGGAATATCG
GCGGCTTCGTCGGTGCGAGTGGAGCC
GGATGACGTTCGGGAAACCGAACAT
CATCCGGCGGCGTCCATTGGCGCAAA
GGGGGGCGTCGGGTCGAACTCCAGC
GTGCCGTCGCTGCCAGTCCCGTCGGT
CGGGGCAGCCGGTCGGGGGAAAGCC
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CCTATGGAGCCCGCGGAGGAAGACA
GGTCGGGGAGCCGCTCAACGTCTCCC
AGCGCATACTACCCCGAGGGCGCGT
CGGCGTTGGCCAAGCACAACCTTGCG
AGGAGGTTGTGCCAAGGGATCC 
   JBam_E57 JBam_F18 GGATCCATCGGTTGAAGTCCGACTG
GGATGCCTGATTGAGCAGAATGGCTC
TTCACATCATCGTTCTGGGAGAGGCT
CACATGTTCCAAGATCGCTGACGTTC
TAGACGGGAGTCACCTACCGCAGGA
GCTCGGATGGAGATTTTCTGTTGGCG
GAGTCCGGGGAAGTCCGATCGCTAG
GGAAGTCCGTCTGGGATTTATCTGAT
GTGGGGGCTCATCCGAAGATCGTCCG
CTGGGGAAGCCCGATTTTACGGGGA
GCCTGATAAGAGGTCGGTCGGCGAT
GGACTTCAGATAATGCTGGGGAGGC
TCGGCAGACATCGGGGGCGATCGGC
CATCGCAGGAACCCAGCTGCTGGAG
CTCATCCAT 
   JBam_E43 JBam_D35 TCCCGAGGGGGAGGACAGGGAGTGG
GTGCCGGAGGAGACGATCGGAGGCA
GCTCCGTTGAGCGCTCCTTTAAGAAC
AAGGGCGCTGCGAAGATTCGCCCCTT
CCCTCTAGCGCCAATCCTGTTGGTGC
AAAAATCCGCCTGCACCGGAGAAGC
TGGAGTCGGGGAAGCCGCGGTCGCC
GCCGGGACCTGCAAGGGAAGTCTAA
ACCGGAGGTGGGGTTGCTCCGGCAA
GACCCTCCGACGCTCAAGTCAGTTCT
CTGCCTCAACAAGAATGGAGTGCTCG
AACGGAGAATTTAGCAGAGTTTTTGA
GATAAGAAATGAGCTTAGAGAATAA
CGTATCTGGATCC 
   JBam_E77 JBam_D60 ACCGACGTGGACTATCCATGAACGG
ACCCTTCCGACCCCTCCTCGGCACCG
TCCGCCTCCTCGTCGGCAACCTCCGC
CTCCTCTCCCGCCGCCGCGATTGCCC
CGCCTTCGACGCCGTCGGCATTCGCC
GCCCTCCGGCCGCTTCCACGGCGTCC
TTAACGTCGGCGCCACGATTCTCCGC
TGCGTCTCTCTTGTGGCCGCCAAGGT
CCTCGCCACCTGCCCCGCCGTCAGCT
ACCGCGACCTCATGGGGAAGGAGGC
CTCCAAGATCCGGCGCTTCCAGCGAC
TCCGGCGGCGGCGGCCAGGCGTGTG
GATTCGTTCAT 
   JBam_E82 JBam_D25 ATCCGCCATCAGTTCCAGCAGCGGCC
GCACGATCCCGTCCCTTGACGGCTAG
GATCTTGTTCTCCCGAGTGGAGCACA
GCAAGAAGAGCGCCGTGGAGGCGTC
CTTCTTCCCCCTCTGGCCGCCGGTCTC
GAGGAGGTTGACAAGGTGGGGGATC
GCGCCGGAGCGGCCGATGGCGATCT
	
   
126 
 
TGTGCTCCTCGATCTTGGAGAGGCGG
AGGAGGGCGCAGGCGGCGTTCTCGC
GGGCGGCGGGGGTACCGGTCTTGAG
GACAAGGATGAGGGGCCGGATGGCG
CCAGCGGCGGCGATGGGATCC 
   JBam_E88 JBam_D32, 
JBam_D44, 
JBam_F10 
GGATCCCCGGAGGGTCACTCCTGTC
ATGAACTTCGGCTGGGGGGTATTTTA
TACCCAACACCAGTCCCCCTACTTTC
GAGTTCGAATTTCGAATGAAGGAAG
TACAGAAAAATTTTACTACTGCCGAA
GTTGTCCCCTTGAACCCTGTGCATGA
TCGCCCCCCAGATATTTTTGGCAATT
AAATGCGCGCGTGCTGGAGTCTTTTC
GAATCGGGGCGATTCGAAGAGGGAC
CCTTCGAAATTCTCGATGGTACGCTG
GCCCAAGTACGGTGCAGTAATGGCTC
CGTCAGCTGTCAGCCGCTTTTAGCCG
CCTGCCGTGGCGAGTGGGATACGCAT
CGAGCGCAGGTCGACCTGGGGGAGA
TTCACGATCATTATGGCGCCGGAT 
   JBam_F13 JBam_D27 AATCCAGCGTCCAGGGCAGCAGCGG
TGGCCGGAGGGAGTGGTTATGGTGG
TGGAGGCAGCCGCAGCGGCGCTACC
CGTGGAGGGTATGGGTTCAACGGTG
GGGGCAGCGGCGGTGGTGGGAGAGG
AGGGGGTGCGAGAGGCGGTGGCTGG
GGTTACGGAGGCGGTGGTGCCTGCTA
TAACTGTGGTGAGACTGGTCACATCG
CTAGGAATTGCTACCAAGGAGGCGG
AGGCGGTGGGAGGTACGGCGGCGGT
GGCG 
    JBam_F19 JBam_D78, 
JBam_D79, 
JBam_E9 
TCCGGTGCATTAGTGCTGGTGTGATC
GCACCCACAATGATTTGTTCGAGATT
CGTCGATATAACGTCGCGGTCGTCGC
ACGCCATCTGTAACCCACCCACAGTC
CTGGCTGGTCGGGTACCGGACCCATC
AAGTGGGTCCCGCGACCTCGCACGG
CACTGTCGGGCTCCAGACTCAGTTTT
TTCTGAGAAAAACGTTACCCGCGGCA
GAAGAAAGAGATCTCCATAAAATTA
ATGAAAAAAGTAACTTGAATAAAGT
AAAAGGGAACGAAGATTAAAAGGGT
AGGCAACACGAGGACTTCCGACGGG
TGGTCACCCACTCCCACGTACGACTC
GTGCCCGACGCACGCTCGACTGCGG
AGT 
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51.4% of contigs from the HI and dIII RDA analysis, respectively, having E2
values less than 102100. Redundant sequences were contigs that hit multiple locations 
in the genome with similar E–value which constituted 27.1% and 34.2% of the 
HI and dIII contigs, respectively. A contig was categorised as no2hit when the 
hit region was <50% that of the contig’s length.  The HI analysis returned a much 
higher portion (11.7%) of “no2hit” contigs than the dIII analysis (2.4%).  
Table 3.14: Homology search of round 3 contigs against oil palm 	
 genome 
assembled by MPOB. Contigs were categorised according to their E2value.  
JBam contigs (%) A B C D E F 
E9value < 10
9100
 48.1 35.6 34.8 40.7 41.2 48.1 
10
9100 
≤ E9value ≤ 10
950
 20.3 17.8 4.3 11.1 12.7 14.8 
E9value > 10
950
 5.1 7.8 4.3 2.5 5.9 3.7 
Redundant sequence 12.7 28.9 43.5 30.9 28.4 33.3 
No9hit 13.9 10 13 14.8 11.8 0 
JHind contigs (%) A B C D E F 
E9value < 10
9100
 53.8 55.3 34.6 40.9 57.7 52.2 
10
9100
 ≤ e9value ≤ 10
950
 15.4 8.5 11.5 9.1 11.5 0 
E9value > 10
950
 1.9 2.2 0 0 3.8 0 
Redundant sequence 26.9 29.8 53.8 45.5 25 47.8 
No9hit 1.9 4.3 0 4.5 1.9 0 
f) Homology search against retroelements databases and GenBank  
 Homology search against the retroelements database TIGR and Repbase as 
well as GenBank successfully identified a proportion of contigs with significant 
homology to repetitive DNA. A total of 11 contigs from both  and  pools 
of the HI analysis were homologous to oil palm repetitive DNA deposited in 
GenBank while another six and five contigs from the HI and dIII analysis, 
respectively, showed significant homology against the TIGR database at E2value <102
10. Meanwhile, an additional seven and nine contigs from the HI and dIII 
analysis were also found to be significant hits against the retroelements Repbase 
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database at a lower E2value of <1025. In short, a portion of contigs generated from the 
current RDA analysis were concluded to be repetitive DNA.  
 Interestingly, BlastN search of the sequences using GenBank revealed that 
a small portion of contigs showed significant homology to organelle DNA 
(chloroplast and mitochondria). There were seven and six contigs in the round 3 
HI and dIII RDA analysis, respectively, that were homologous to 
chloroplast DNA. Surprisingly, a total of 33 contigs from the dIII RDA 
analysis were found to be homologous to mitochondrial DNA of date palm while 
another six contigs from the dIII analysis were homologous to mitochondria 
of genus Sorghum. The majority of these contigs were disclosed to be located in 
all the  and  pools. This identification of organelle DNA is consistent 
with previous finding of Sanger sequencing of the first study of RDA analysis 
(RDA pools A, B, D and E) (Table 3.9 and Figure 3.7). The isolation of common 
repetitive and organelle DNA from the difference products of RDA confirmed 
the postulation that common sequences were somehow being selected and enriched 
after subtractive hybridization and possibly mask the presence of real difference 
products.  
g2 Homology analysis of putative shell9thickness related9contigs 
Followed up from the identification of shell2thickness related RDA contigs 
(Table 3.13), homology result of these putative contigs against MPOB  
genome assembly as well as GenBank is summarised in Table 3.15. It was 
discovered that four of the 2specific contigs were redundant sequences 
when compared to the  genome assembly. Homology analysis against 
GenBank further confirmed that two of them were repetitive and ribosomal DNA. 
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On the other hand, B57 from the HI and A23 from the dIII analysis were 
found to be located on orphan contigs (“co”), contigs that cannot be ordered into a 
scaffold (“sc”) during the genome assembly process. Contig JHind_A23 was 
significantly homologous to the mitochondrial DNA of date palm. The six putative 
contigs that were redundant sequences or located on orphan contigs were not 
suitable for identification of the shell2thickness gene.  
Meanwhile, the  genome assembly had been anchored to MPOB T128 
genetic linkage map. Nine putative contigs were found located on scaffold that 
could be anchored to a particular linkage group and these contigs were located on 
different pseudochromosomes. Three of the contigs, JBam_B90, JBam_B23 and 
JBam_D24, were located on the same PLG01 while contigs JHind_A50 and 
JBam_D29 were located at PLG11.  
According to recent publication of MPOB, ## gene was located on 
tpseudochromosome PLG04 and mapped by sequence similarity to assembly 
scaffold p52sc00060 (Singh  
, 2013b).  None of the putative or common RDA 
contigs isolated from the present project were mapped by sequence similarity to 
assembly scaffold p5_sc00060 and none of the putative RDA contigs were mapped to 
scaffold located on PLG04. Details examination of all RDA contigs that mapped to 
scaffold located on PLG04 revealed those contigs were either present in reciprocal 
analysis or only in one out of three of the / pools which cannot be 
declared as putative RDA markers.  
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Table 3.15: Homology analysis of putative shell9thickness9related RDA 
markers against MPOB 	
 genome assembly as well as GenBank. Sc, 
scaffold; co, orphan contig; PLG, pseudochromosomes.  
Category Representative 
	
 
genome 
assembly 
Linkage 
group
a
 
Putative function revealed by GenBank Search 
(Organism, E9value, Identity) 
2
specific  
JBam_B17 p5_sc00441 2 2 
JBam_A19 p5_sc00071 PLG14 2 
  JBam_B90 p5_sc00054 PLG01 Oxidoreductase (,&,1e229, 81%) 
  JBam_B67 p5_co387164 2 2 
  JBam_B23 p5_sc00001 PLG01 2 
  JHind_A23 p5_co794290 2 Mitochondrion (%&, 1E271, 55%) 
  JHind_A50 p5_sc00332 PLG11 2 
2
specific 
JBam_D24 p5_sc00041 PLG01 9 
JBam_D29 p5_sc00085 PLG11 2 
  JBam_D68 Redundant 2 2 
  JBam_E57 p5_sc04008 2 2 
  JBam_E43 Redundant 2 Repetitive DNA (), 5E2103, 70%) 
  JBam_E77 p5_sc00126 PLG08 2 
  JBam_E82 p5_sc00090 PLG09 2 
  JBam_E88 Redundant 2 2 
  JBam_F13 p5_sc00014 PLG13 2 
  
JBam_F19 Redundant 2 
5S ribosomal RNA gene 
($ , 3e211, 91%) 
a
Linkage group= The  genome assembly was anchored to the T128 genetic 
linkage map by MPOB 
In short, reciprocal RDA analysis using different  and  pools had 
not been successful in identifying markers closely linked with the shell2thickness 
region. Instead, repetitive and organelle DNA sequences were isolated from the 
difference products of RDA which suggested that during subtractive hybridization, 
common sequences were being selected and enriched for unknown reasons, most 
likely to be technical,  and possibly mask the presence of real difference products.  
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3.4  Discussion 
3.4.1  Fingerprinting and generation of DNA bulks  
Three different types of samples were used in Representational Difference 
Analysis (RDA), Deli ,  and . Deli are normally used as female 
parents in almost all major oil palm commercial hybrid seed production programmes 
in Malaysia and Indonesia (Soh 
, 2006). Deli palms were originated from 
the progenies of the four palm seedlings planted in Bogor Botanic Gardens in 
Indonesia in 1848 and later distributed to the plantations in Deli province in Sumatra 
and thence to Malaysia (Soh  
, 2009). Meanwhile, self2pollination of non2Deli 
 parents of the 768, 769 and 751 crosses are expected to produce 25% 
segregants of  and  fruit types, respectively, in each cross, according to 
Mendelian inheritance. Therefore,  and  from the same controlled cross 
are siblings with the same genetic base, enabling different fruit types to be pooled for 
Bulked Segregant Analysis (BSA) coupling with RDA or AFLP technique.  
Besides the study of  gene, BSA approach had also previously been used in 
combination with AFLP markers for the monogenic  trait (fruit skin color) 
in oil palm by creating two different DNA bulks, “*) bulk” and “ 
bulk” (Seng  
, 2007). Although no publication can be found for RDA coupled 
with the BSA method, Oh and Cullis (2003) have previously performed a combined 
sample representational difference analysis (csRDA) with DNA from four different 
genotypes of flax. Using this approach they successfully isolated DNA sequences that 
have undergone physical rearrangements in the flax genome. Therefore, BSA should 
work well for the study of the shell2thickness gene in combination with RDA.  
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For the present study, BSA approach was undertaken by bulking the respective 
 and samples of the same segregating population followed by reciprocal 
RDA analysis with the aim to identify marker(s) closely2linked to the shell2thickness 
gene that controls fruit type. A non2classical BSA approach was also exploited 
concurrently by bulking the 744  dura samples and analyzed against  
samples from the 769 controlled cross. In view of the different genetic base of both 
the 744 and 769 controlled crosses, it is expected that non2identical genomic regions 
will be enriched alongside with the target shell2thickness region. For the present study, 
only 10 palms were used to create the Deli ,  and  bulks of different 
controlled crosses. It should be noted that smaller bulks have higher frequency of 
false positives (Michelmore 
, 1991) and hence the use of multiple bulks were to 
identify consistent markers to the shell2thickness gene.  
Before constructing the bulks, it is critical to ensure the true2identity of each 
and every sample for the BSA approach to work properly. All samples within the 
same bulk should truly come from the same controlled cross. Existence of any out2
crosses in either or both bulks will lead to identification of false positive 
differences/polymorphism between the  and  bulks. This will be 
particularly a problem with small bulk sizes. Therefore, all the samples need to be 
fingerprinted before construction of the bulks to remove any out2cross/mis2sampled 
palms from the bulks.  
In this project, legitimacy checking of samples was performed by 
fingerprinting all the samples together with their respective self2pollinated parents. 
Legitimacy of samples can be determined by comparing their genetic profile with 
those of their respective parents. In this study, there is only one parent for each 
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controlled cross as the samples were derived from self2pollination. Thirteen oil palm 
SSR markers were used in this study to determine the inheritance pattern of the 
samples and it was found that each controlled cross contained one outcross and these 
outcrosses were discarded from bulk generation (Tables 3.523.7).  
The appearance of outcrosses in a controlled cross is rather common. Previous 
cDNA2RFLP molecular mapping in oil palm had shown similar results in which some 
of the palms were found to have bands not found in the parental palms (Singh ., 
2008b). The authors had attributed the appearance of extra bands to “illegitimate” 
palms caused by pollen contamination. Similar observation was made during RFLP 
genetic mapping of an oil palm controlled cross and was also attributed to pollen 
contamination (Mayes  ., 1997). Occurrence of pollen contamination has 
previously been reported for controlled crosses of oil palm (Chin, 1995). Therefore, it 
is sensible for samples that contain fingerprint bands not found in their respective 
parents be regarded as outcross due to contamination and to be discarded from 
construction of the bulks.  
Complete sets of samples ( and  from the 768, 769 and 751 
controlled crosses) were sent for genotyping at the end of the first year of the current 
study after completion of the harvesting of leaves samples for the 768 and 751 
controlled crosses. Therefore optimization of the RDA protocol and first RDA 
analysis were performed using Deli  from the 744 controlled cross as well as 
 and  samples from the 769 controlled cross without proven legitimacy. 
Later on, RDA analysis was repeated again using the legitimate  and  
pools of the 768, 769 and 751 controlled crosses. This was termed as the second RDA 
analysis.  
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3.4.2  Optimization of the RDA protocol 
a) Optimization of restriction digestion  
The success of the RDA protocol is highly dependent on the reduced 
complexity of the genome sequence through creation of representations or subgroups 
of DNA populations to ensure complete re2association of rare target sequence during 
subtractive hybridization. Choice of the restriction endonuclease used in RDA greatly 
determines the complexity of the generated subpopulation or representation.  Bishop 

 (1983) working on a model for restriction fragment length distributions showed 
that HI generated a mean fragment length of 5,534 bp in the human genome with 
16.5% of the fragments less than 1 kb, while RI and dIII has a mean fragment 
length of 3,013 and 1,873 bp, respectively, and 28.2% and 41.3% of fragments 
smaller than 1 kb. Lisitsyn and Wigler (1995) suggested that the complexity of human 
dIII amplicons is close to the limit of RDA and on the other hand, any restriction 
endonuclease producing mean fragment lengths larger than HI, the preparation of 
amplicons becomes irreproducible. Therefore, all restriction endonucleases with mean 
fragment length between these two extremities could be used for difference analysis 
of human DNAs. Even though the above research dealt with the human genome and 
the fact that oil palm genome is distinctly different from the human genome, a basic 
rule can be deduced about the desirable fragment size distribution. RDA might not 
work well with restriction enzymes that cut any particular genome too frequently or, 
on the other extreme, rarely.  
Six different restriction endonucleases were tested in the present study to 
examine their ability to cut the oil palm genome and the fragment distribution 
generated, HI, RI, dIII, II, I and I. The tested HI, RI, 
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dIII restriction enzymes were previously shown to cut the oil palm DNA well 
(Cheah 
, 1993) and I was used to construct the first RFLP oil palm genetic 
linkage map by Mayes 
 (1997). 
Figure 3.2 noticeably illustrates that complexity of the representations 
generated by frequent cutter I is not low enough to allow complete re2association 
of rare sequences during hybridization while II enzyme which minimally cut the 
744 Deli  DNA might produce amplicons that contain too small a fraction of the 
original DNA population to allow isolation of sufficient target sequences. This 
suggests that I and II might not be ideal restriction endonuclease for RDA of 
oil palm genome. On the contrary, HI, RI and dIII seem to produce 
representations with reasonable genomic complexity. Despite that I enzyme seems 
to cut oil genome minimally, I enzyme with its methylation sensitivity targets 
hypomethylated gene2rich regions of the genome (Schouten 
, 2012); it could be a 
potential candidate for RDA analysis.  
One concern about RDA is that the use of representations implies that not all 
of the potential differences between two genomes can be isolated. This has led to the 
suggestion from Hollestelle and Schutte (2005) that several representations generated 
using different restriction enzymes may be analyzed to isolate more of the target 
sequences present in the original tester population when necessary. Therefore two 
different enzymes, HI and dIII, were selected for the present study.  
Partial digestion is detrimental as it introduces artefactual difference products 
due to different cleavage pattern among tester and driver populations generated by 
incomplete digestion of the bulk DNA (Hollestelle and Schutte, 2005). Therefore 
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samples were incubated with HI or dIII enzymes for overnight 16 h in the 
present work to ensure complete digestion.  
b2 Optimization of the PCR 
Amplicons of RDA are generated through a “whole genome” PCR that 
amplifies an entire population of DNA sequences instead of a single sequence. 
However with the inherent limitation of PCR, small DNA fragments are more 
efficiently amplified than large fragments. Therefore DNA fragments smaller than 
1,500 bp will be preferentially amplified (Kinzler and Vogelstein, 1989), generating 
amplicons that can represent a subpopulation of the original tester and driver DNA 
populations. Figures 3.3, 3.4 and 3.9 correlate well with this statement in which 
amplification of average DNA fragment sizes of less than 1 kb was observed.   
A whole genome PCR generates more PCR products and thus requires more 
PCR reagents and enzyme. Exhaustion of reagents affects mainly the extension of 
long DNA fragments and this can be visualized on agarose gel as smearing of PCR 
products toward the well indicating the existence of ssDNA products (Hollestelle and 
Schutte, 2005). Baldocchi and Flaherty (1997) demonstrated that optimal number of 
cycles can vary as a function of polymerase activity, choice of restriction enzyme, 
template concentration, digestion and ligation efficiency, freshness of PCR buffer and 
annealing temperature. Consequently they suggested that the number of PCR cycles 
should be optimized by performing a pilot PCR with various numbers of cycles and 
selection of cycle number that gives optimal yield of 0.0520.10 Ng/2 Nl PCR product.  
 There was no sign of reagent exhaustion during generation of the HI and 
dIII amplicons in the present study (Figures 3.4 and 3.9). This may suggest that 
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the 20 cycles of PCR is suitable, if not optimal, for amplicons production. It is, 
however, advisable to incorporate a pilot PCR before generation of tester and driver 
amplicons to ensure maximum recovery of PCR products without exhausting the 
reagents.  
3.4.3  Reciprocal subtractive hybridization of amplicons 
 Representational difference analysis was first introduced as a tool for finding 
the difference between two samples (Lisitsyn 
, 1993). Since then this technique 
has undergone several technical improvements for different applications, such as 
study of differential gene expression using cDNA2RDA (Hubank and Schatz, 1994); 
shortened2protocol by eliminating the representation steps for small and less complex 
genome (Strathdee and Johnson, 1995); methylation2sensitive RDA (Ushijima 
, 
1997); generation of representation using arbitrarily primed2PCR (Yoshida  
, 
1999) and a simplified protocol introduced by Felske (2002). 
No matter how RDA has evolved for different purposes, the subtractive 
hybridizations step is core to this technique in which one DNA population (tester) is 
hybridized against an excess amount of another DNA population (driver). The target 
sequences are the differences between these two DNA populations present in tester 
but not in driver. During the hybridization, the DNA mixture is denatured and then 
allowed to randomly re2associate. Three types of hybrids are formed during this 
process, tester2tester homoduplexes, tester2driver heteroduplexes and driver2driver 
homoduplexes. Excess driver acts as a competitive inhibitor for the re2annealing of 
tester DNA which is also common to driver DNA, hence common sequences between 
these two DNA populations are subtracted out. 
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In order to ensure only self2reannealed unique tester amplicon is amplified 
after hybridization, it is necessary to change the adaptors on tester so that amplifiable 
primer binding only occurs in the tester2tester hybrid. Adaptors from the 
representation step should never be used in the subtractive hybridization step to 
prevent driver amplification due to uncleaved primers. Furthermore, the same 
adaptors should never be used in two consecutive rounds of RDA in order to achieve 
highest possible enrichment. Therefore, three different sets of adaptor pairs were 
employed in the present study; R adaptor pair (Table 3.2, primer set 1) was solely for 
amplicons generation while J and N adaptor pairs (Table 3.2, primers set 2 and 3) 
were used alternatively for iterative rounds of subtractive hybridization (Lisitsyn 
, 
1993). Felske (2002) introduced another set of RDA adaptors, the well known T7/SP6 
primers, for studies of microdiversity. This primer sets are known not to cross2react 
with the bacterial genomic DNA (Kimmerly 
, 1994). Nonetheless, the main point 
is different adaptors should be used for tester and driver regardless of the types of 
adaptor used.  
 During subtractive hybridization, tester2driver heteroduplexes contain only 
one adaptor on the tester strand but not the complementary driver strand. DNA 
polymerization creates the primer binding site on the complementary driver strand 
and hence leads to linear amplification of the driver strand during kinetic enrichment. 
This background level of linear amplification is reduced by degrading the single2
stranded driver DNA with mung bean nuclease. Hollestelle and Schuttle (2005) 
commented that mung bean nuclease should be used but not S1 nuclease even though 
both nucleases are active against ssDNA. This is because S1 nuclease is sensitive to 
nicks and nucleotide mismatches. RDA is heavily dependent on PCR amplification 
and various rounds of PCR might introduce mutation in DNA sequences which would 
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leads to formation of hybrids of not exactly complementary that would be recognized 
and degraded by S1 nuclease. Therefore, S1 nuclease is not recommended.  
For the present study, three rounds of reciprocal subtractive hybridization 
were carried out for HI and dIII amplicons of  and  DNA bulks of 
first and second RDA analysis. A stepwise reduction of the complexity of the 
products in each subtractive hybridization was observed with clear bands of 
difference products were visible in the third round of reciprocal analyses (Figures 3.5, 
3.6 and 3.10). This confirms the core principle of RDA of successive enrichment of 
potential target sequences through rounds of subtractive hybridization with increased 
stringency (Lisitsyn 
, 1993). It was also noted here and elsewhere (Bowler 
, 
1999; Allen 
, 2003) that RDA preferentially enriches for sequences between 200 
to 450 bp in length. 
However, it was unexpected to observe that the second reciprocal RDA 
analysis of both HI and dIII representations gave rise to highly similar 
enrichment profiles (Figures 3.10 and 3.11). Different enrichment profiles were 
observed between RDA analysis of HI and dIII amplicons.  
a2 Troubleshooting of highly enrichment profiles between reciprocal RDA 
analyses 
In view of the highly similar profiles between reciprocal analyses, 
examination of the effectiveness of RDA using a positive control (Figures 3.12 and 
3.13) indicates that positive control was successfully selected during subtractive 
hybridization step but the amount was too low to be detected, suggesting inefficient 
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enrichment. Repetitive sequences that exist abundantly in the oil palm genome are 
likely to be transmitted if subtractive hybridization is incomplete. 
Different enrichment profiles for RDA using different restriction 
endonucleases as well as for reciprocal analysis have been published by other 
researchers. For example, reciprocal RDA analysis on two date palm varieties using 
two different restriction enzymes (Voster 
, 2002) resulted in only one of the four 
subtractions produced a DNA difference product after one round of hybridization, 
which was with the Barhee HI2digested DNA as tester and Medjool as driver, not 
  nor in dIII2digested DNA. Similarly, RDA libraries generated from 
reciprocal analysis of honey bee worker and queen larvae differed considerably in 
term of percentage of sequences with similarity to predicted genes or unpredicted 
genes as well as the functions of the predicted genes (Humann and Hartfelder, 2011). 
Differential expression of selected gene sets was confirmed by quantitative RT2PCR, 
representing candidates of modulators of caste2specfic development of honey bee 
ovary. Therefore it was considered unusual in the present study for obtaining highly 
similar enrichment pattern between reciprocal analyses. 
3.4.4  Sequencing of RDA difference products 
Characterization of difference products obtained from the first RDA 
analysis was initially performed using conventional Sanger sequencing. It is 
unexpected to find out that the two families of clone, PDDH23 and PDDH25, 
were homologous to mitochondrial and chloroplast DNA, respectively. 
Characterization using Sanger sequencing in the present study is deemed time 
consuming as it involves laborious cloning, transformation followed by propagation 
and plasmid extraction of individual clones prior to sending for sequencing. This 
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approach clearly has a limited ability to sample all of the potential difference 
products present.  
In order to understand the composition of RDA difference products that were 
obtained, especially those that exist in small quantities, the 454 pyrosequencing 
technique was introduced into the present study. Round 2 and 3 difference products 
from the reciprocal analysis of the 744 Deli  against the 769  as well as 
reciprocal analysis of the 769 controlled cross, with and without the outcross included, 
were sent for 454 deep2sequencing. The sensitivity of the GS FLX Titanium 454 
sequencing was proved to be able to detect rare genetic variants constituting as little 
as 1% of the molecular population (Simen  
, 2009; Le  
, 2009). A 
comparative study was performed by researchers in Yale University School of 
Medicine who found that conventional Sanger sequencing failed to detect 95% of the 
low2abundance HIV drug2resistant variants, whereas 454 sequencing detected all 
mutations found by Sanger sequencing as well as additional low2abundance variants, 
with 62% detected at levels 1 to 5% and 38% were detected at levels 5 to 20% (Le 

, 2009). With its proven high sensitivity, 454 sequencing can help to detect 
potential difference products that were suspected to be present in low amounts after 2 
and 3 rounds of subtractive hybridization. The average read length of 454 sequencing 
is 400 to 500 base pair read which matches well with the observed RDA preferential 
products of between 200 to 450 bp in length. 
Combining RDA approach with next2generation sequencing (NGS) is novel. 
Ho  
 (2013) successfully employed methylation2sensitive RDA coupled with 
NGS approach to identify candidate biomarker associated with embryogenic 
competency in oil palm. The authors commented that replacement of Sanger 
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sequencing with pyrosequencing not only abolishes the need of lengthy 
transformation and potentially isolating sequencing which are not clonable, but also 
enables the generation of large numbers of sequences including those present at low 
abundance, allowing examination of more comprehensive representation of difference 
between samples. Therefore 454 pyrosequencing was utilised to study the 
representation profile of round 2 and 3 difference products in the present study. 
As expected, contigs generated from round 3 RDA analyses shared greater 
similarity with the database for the oil palm mesocarp transcriptome (Mayes  
, 
unpublished data) and date palm genome (Al2Dous 
, 2011) followed by rice and 
lastly Arabidopsis genome (Figure 3.16). Date palm and oil palm are members of the 
palm family hence they share greater similarity. Meanwhile, rice, like all grasses, is a 
monocotyledon, hence the rice genome has higher similarity with the monocotyledon 
oil palm than the dicotyledon Arabidopsis. This result corresponds well with the X2
species analysis of the same set of oil palm DNA in which better signal was obtained 
from hybridization of oil palm DNA to the rice Affymetrix chip than to Arabidopsis 
affymetrix chips (ATH1) (Chai 
, unpublished data). Availability of an annotated 
date palm genome would definitely be helpful in annotating the current set of RDA 
contigs.  
Homology search of contigs against the MPOB  genome assembly 
identified around 40% of the contigs, regardless of HI and dIII, as redundant 
sequences (Table 3.14). Redundant sequences are contigs that have multiple hits in 
the genome assembly, implying that they are common repetitive sequences in the 
genome. Repetitive sequences were estimated to make up 57% of the recently 
released 1.8 Gb of oil palm 
)genome (Singh 
, 2013a). The 
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identity of redundant sequences found in the present study were further confirmed to 
be repetitive DNA when BlastN search was conducted against retroelements database 
TIGR and Repbase as well as GenBank. The existence of repetitive DNA as well as 
organelle DNA, particularly in the dIII analysis, constituted a substantial 
percentage of the contigs generated. This provides evidence for the hypothesis that 
common sequences, such as repetitive and organelle DNA, were being either enriched 
or insufficiently reduced during selective hybridisation, masking the presence of real 
difference products.  
Nevertheless, pyrosequencing of RDA difference products has made the 
handling of large number of sequences and their identification feasible.  The RDA 
technique should detect polymorphisms related to presence/absence of restriction 
recognition site as well as indel mutations and/or translocation. Contigs were 
classified as /a2specific with the criteria that the contigs had to be found in 
at least two of the  pools, but not any of the  pools and . A total 
of seven and ten contigs were selected as  and 2specific, respectively 
(Table 3.13). Out of these 17 contigs, only three of the 2specific contigs appeared 
in all three of the  pools.  
Surprisingly, four of the 2specific contigs were detected to be 
redundant sequences while one 2specific contig was a homologue of 
mitochondria DNA (Table 3.15). Contig JBam_B67 was also found to be located on 
orphan contigs that cannot be assembled into any scaffolds. All these contigs were 
deemed not suitable for further characterization. The remaining putative contigs were 
homologous to scaffolds that anchored to different pseudochromosomes, mainly 
PLG01 and PLG11. However, the ## gene was recently reported to be located at 
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PLG04 and mapped to scaffold p52sc00060 (Singh 
, 2013b). None of the putative 
contigs were mapped to this particular scaffold nor located at pseudochromosome 
PLG04.  
The successful application of RDA technique in addressing different 
embryogenic potential of oil palm explants using methylation2sensitive restriction 
endonuclease, II (Ho 
, 2013), suggested that methylaiton2sensitive enzyme, 
such as I, could be a potential enzyme for RDA analysis of  the shell2thickness 
gene. I enzyme with its preferential targeting of hypomethylated gene2rich regions 
of chromosomes (Schouten  
, 2012) might potentially be useful in eliminating 
common repetitive sequences in the oil palm genome, allowing generation of RDA 
representation profile from gene2rich regions. Meanwhile, it is advisable to include a 
positive control in future RDA study to examine the effectiveness of the enrichment 
analysis.   
In conclusion, this chapter reported the first attempt to isolate oil palm shell2
thickness marker(s) using the Representational Difference Approach (RDA). An 
unexpected highly similar enrichment profile was obtained between reciprocal 
analyses in the second RDA analysis. Assessment of RDA technique with positive 
control indicated the amount of positive control in the enrichment profile was too low 
to be detected, suggesting enrichment was occurring, but inefficiently.   
Characterization of contigs assembled from pyrosequencing revealed substantial 
portions of mitochondria, chloroplast and repetitive DNA existed in both directions of 
subtraction analyses. This leads to the speculation that common sequences were being 
either enriched or insufficiently reduced for unknown reasons, most likely to be 
technical, masking the presence of real difference products. The reciprocal RDA 
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approach had failed to identity marker(s) closely2linked with the shell2thickness 
region in the present study. 
Nevertheless, this chapter reported the significance of coupling of RDA with 
the NGS technique in generating large numbers of sequences covering those present 
in low abundance, allowing more comprehensive understanding of the 
representational profile(s) generated. Therefore this novel combinational method is 
comparatively more useful than conventional transformation and the Sanger 
sequencing2based method.  
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 Amplified Fragment Length Polymorphism (AFLP) is a well established 
molecular marker technique which was first published in 1995. AFLP is the selective 
PCR amplification of restriction fragments from a digest of total genomic DNA. It 
combines the ubiquity of endonuclease restriction sites throughout the genome (as for 
RFLP) with the flexibility and ease of PCR+based technology (such as RAPD) (Mba 
and Tohme, 2005). Molecular genetic polymorphisms are identified by the presence 
or absence of DNA fragments. With its high reproducibility, robustness and 
informativeness, AFLP has a wide range application in genetic diversity, population 
genetics, linkage mapping, parentage analyses and single+locus PCR marker 
development (Meudt and Clarke, 2007).  
 AFLP is a popular DNA fingerprinting technique for plant study. The 
fingerprints are produced without prior sequence knowledge which is very useful for 
analysis of orphan crops or plants with no available genome sequences. The AFLP 
technique has demonstrated its usefulness in the study of the oil palm genome. It has 
been previously used in somaclonal variation studies of oil palm tissue culture 
(Matthes 
, 2001; Cheong 
, 2006) as well as in the genetic linkage analysis of 
oil palm (Billotte ., 2005). In the same paper, Billotte 
(2005)also reported 
an AFLP marker of the shell+thickness gene, E+Agg/M+CAA132, with a distance of 
#2 cM from the gene.  
Therefore, in addition to testing the RDA method, this study aims to employ 
AFLP as a second molecular marker method to explore its effectiveness in identifying 
potential marker(s) close to the shell+thickness gene. In this study, a modified AFLP 
method based on the use of single enzyme and a single adaptor was applied. Five 
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different restriction enzymes, HI, RI, dIII, I and I, were tested. At 
the same time, conventional AFLP using a combination of the frequent cutting I 
restriction enzyme and the rarer cutting RI enzyme was also performed. Although 
this combination of RI/I enzyme has been utilized by Billotte 
 (2005) to 
develop the shell+thickness AFLP marker, the oil palm population that they were 
working on was the CIRAD golden cross of  from the La Mé population 
(LM2T) and  from the Deli population (DA10D), a totally different genetic 
background from current set of samples. Meanwhile, there are no reports of validation 
of this AFLP marker, E+Agg/M+CAA132, across different breeding programmes. 
Therefore, it is interesting and worthwhile to repeat their approach using current set of 
samples. This particular selective primer pair of RI/I was exploited in the 
present study. 
  
	

The same legitimate  and  bulks from the 768, 769 and 751 
controlled crosses were used in both the RDA and AFLP study. Five different single+
enzyme AFLP using HI, RI, dIII, I and I restriction enzymes and 
conventional RI/I AFLP were performed.  
  	
		
 Restriction endonuclease digestion and ligation of adaptors were carried out 
using the modified method described by Gibson  
 (1988). Each bulked sample 
was digested overnight (16 h) at 37 °C in an aliquot containing 1 >g DNA and 20 U 
restriction enzyme with the buffer provided in a final volume of 20 >l.  
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An aliquot of 10 >l of digested DNA was added to 5 pmol of HI, RI, 
dIII, I or 50 pmol of I adaptor pair (Table #1, Bioneer, South Korea), 1 U 
of T DNA ligase and ligase buffer in total volume of 50 >l. For conventional AFLP, 
5 pmol RI and 50 pmol I as the adaptor pair were used. The mixture was 
incubated at 37 °C for 3 h. After ligation, the samples were diluted to 100 >l with TE 
buffer and were incubated at 65 °C for 15 min to inactive the T ligase. 
To prepare the adaptors, oligonucleotides F and R (Table #1) were mixed in 
equal molar amounts in distilled water and were allowed to anneal at room 
temperature for 10 min.    
  	  
 Pre+amplification PCR for single+enzyme AFLP was performed in a final 
volume of 50 >l containing 5 >l of ligated DNA fragments, 0.25 mM dNTPs, 1.5 mM 
MgCl2, 150 ng of single primer with selective nucleotide A and 1.25 U of  
polymerase in 1x PCR buffer provided by the manufacturer. For conventional 
RI/I AFLP, 100 ng each of RI and I selective primers were used 
instead.  The amplification was performed with an initial denaturation at 9 ºC for 5 
min, followed by 25 cycles of denaturation at 9 ºC for 30 s, annealing at 56 ºC for 1 
min and extension at 72 ºC for 1 min, with a final extension at 72 ºC for 10 min. The 
PCR primers used in the single+enzyme AFLP had the same sequence as the adaptor F 
with one additional selective nucleotide A at the 3’+end while the RI and I 
primers for conventional AFLP had one additional selective nucleotide A and C at 
their 3’+end, respectively (Table #1). In the adaptor pair, adaptor R was not ligated to 
the DNA fragments as the adaptor was not phosphorylated and hence the adaptor R 
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dissociated from DNA fragments during the initial denaturation step in the PCR. 
polymerase filled in the overhang region in the first stage of the reaction.  
!l"#$%&'(')	
	

		
* !+ #$%&'(')
BamHI+F Adaptor F GACGATGAGTCCTGAA 
BamHI+R Adaptor R GATCTTCAGGACTCAT 
 
EcoRI+F Adaptor F GACGATGAGTCCTGAT 
EcoRI+R Adaptor R AATTATCAGGACTCAT 
 
HindIII+F Adaptor F GACGATGAGTCCTGAC 
HindIII+R Adaptor R AGCTGTCAGGACTCAT 
 
MseI+F Adaptor F GACGATGAGTCCTGAG 
MseI+R 
 
PstI+F 
PstI+R
Adaptor R 
 
Adaptor F 
Adaptor R 
TACTCAGGACTCAT 
 
CTCGTAGACTGCGTACATGCA 
TGTACGCAGTCTAC 
 
*EcoRI(C)+F Adaptor F CTCGTAGACTGCGTACC 
*EcoRI(C)+R Adaptor R AAT TGGTACGCAGTCTAC 
 
*MseI(C)+F Adaptor F GACGATGAGTCCTGAG 
*MseI(C)+R Adaptor R TACTCAGGACTCAT 
 
BamHI+A Primer+1 GACGATGAGTCCTGAAGATCCA 
EcoRI+A Primer+1 GACGATGAGTCCTGATAATTCA 
HindIII+A Primer+1 GACGATGAGTCCTGACAGCTTA 
MseI+A 
PstI+A 
Primer+1 
Primer+1 
GACGATGAGTCCTGAGTAAA
GACTGCGTACATGCAGA 
 
*EcoRI(C)+A Primer+1 GACTGCGTACCAATTCA 
*MseI(C)+C Primer+1 GATGAGTCCTGAGTAAC 
%, 
 
	 
  
 	 		 - ./01


	
)
 The amplification products were separated by electrophoresis on a 1% agarose 
gel containing 1x SYBR Safe DNA stain in 1x TAE buffer. The gels were visualized 
under UV illumination. The pre+amplification reaction products were diluted 500+fold 
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with TE buffer. These diluted products served as the templates for the final selective 
amplification reactions.  
(  #	 
 In order to achieve higher resolution, selective amplification PCR products of 
AFLP analysis were separated on LICOR 800 DNA analyzer (LI+COR Biosciences). 
The LICOR system uses highly sensitive infrared fluorescence detection technology 
and thus a fluorescent primer has to be incorporated into final products. Generally, 
forward primers were labelled with the fluorescent dye. 
In this project, instead of labelling all forward primers in the reaction which is 
very costly, a fluorescent labelled+universal primer (Schuelke, 2000) was used. This 
approach works in such a way that there are three primers in the PCR system, a 
forward primer with addition of a universal primer sequence at the 5’+end, a reverse 
primer and a fluorescent dye+labelled universal primer. For the single+enzyme AFLP 
approach, single primers A with two additional selective nucleotides work as both 
forward and reverse primer, hence only one primer is used in a single PCR reaction. 
These primers were modified with addition of 2 bp of universal M13 (+1) sequence 
at the 5+end (Table #/#  
Selective amplification PCR was set up in which each tube contains 2.5 >l of 
diluted pre+amplification products, 0.2 mM each of dNTPs, 1.5 mM of MgCl2, 0. 
>M of single primer A with two additional selective nucleotides (Table #/. 0.05 >M 
of IRD700+M13 (+1) primer, 0.2 U of  polymerase in 1x PCR buffer in a final 
volume of 10 >l. For conventional AFLP, 0.2 >M each of RI and I selective 
primers (Table #8 were added to the PCR mix and a total of sixteen primer 
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combinations were tested (Table ## The PCR reaction was performed with an initial 
denaturation of 9 ºC for 5 min, followed by 36 cycles with the following cycle 
conditions: denaturation at 9 ºC for 30 s, annealing for 30 s follow by extension at 72 
ºC for 1 min. The annealing temperature in the first cycle was 65 ºC, subsequently 
reduced each cycle by 0.7 ºC for the next 12 cycles, and was continued at 56 ºC for 
the remaining 23 cycles. With two selective nucleotides at the 3’+end of primer A, a 
total of 16 primers for each restriction endonuclease were tested in the selective 
amplification step.  
The fluorescent dye on the M13 (+1) IRDye+700 primer is light sensitive and 
has to be handled carefully to minimise light exposure. Therefore, all primer tubes as 
well as PCR tubes were wrapped with aluminium foil for storage until further analysis. 
  2		0 (334*..+5
           Gel apparatus of LICOR 800 DNA Analyzer was assembled according to 
manufacturer’s application manual (LI+COR Biosciences). A 6% (v/v) Long Ranger 
gel [72 ml of 50% Long Ranger gel solution (Lonza Rockland, Inc.), 7 M urea 
(Hamburg, Germany), in 1x TBE buffer (Fermentas)] was cast by adding 150 >l of  
10% ammonium persulfate (APS) and 15 >l N,N,N',N'+Tetramethylethylenediamine 
(TEMED) (Merck, USA)  last to the solution. The gel was allowed to polymerize at 
room temperature for around 1 h.  
  
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BamHIAXX Primer+3 CGCCAGGGTTTTCCCAGTCACGACGTCCTGAAGATCC  
EcoRIAXX Primer+3 CGCCAGGGTTTTCCCAGTCACGACGTCCTGATCCTTC  
HindIIIAXX Primer+3 CGCCAGGGTTTTCCCAGTCACGACGTCCTGACAGCTT  
MseIAXX 
PstIAXX 
Primer+3 
Primer+3 
CGCCAGGGTTTTCCCAGTCACGACGAGTCCTGAGTAA  
CGCCAGGGTTTTCCCAGTCACGACTGCGTACATGCAG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EcoAAC21 Primer+3 TGTAAAACGACGGCCAGTAGACTGCGTACCAATTC 
EcoACG21 Primer+3 TGTAAAACGACGGCCAGTAGACTGCGTACCAATTC! 
EcoACT21 Primer+3 TGTAAAACGACGGCCAGTAGACTGCGTACCAATTC 
EcoAGC21 Primer+3 TGTAAAACGACGGCCAGTAGACTGCGTACCAATTC! 
EcoAGG21 Primer+3 TGTAAAACGACGGCCAGTAGACTGCGTACCAATTC!! 
   
MseCAA Primer+3 GATGAGTCCTGAGTAACAA 
MseCAT Primer+3 GATGAGTCCTGAGTAACAT 
MseCTA Primer+3 GATGAGTCCTGAGTAACTA 
MseCTT Primer+3 GATGAGTCCTGAGTAACTT 
78
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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  
EcoAAC21 MseCAA EcoAGC21 MseCAA 
 MseCAT  MseCAT 
 MseCTA  MseCTT 
 MseCTT  
  EcoAGG21 MseCAA 
EcoACG21 MseCAT  MseCAT 
 MseCTA  MseCTT 
 MseCTT  
   
EcoACT21 MseCAA  
 MseCAT  
 MseCTA  
   
Gel apparatus was mounted onto the instrument and buffer tanks were filled 
with 1x TBE running buffer. The gel was pre+run for 25 min at " W, 1500 V, 0 mA 
and " °C to warm up and stabilize the gel. Meanwhile, 10 >l of formamide loading 
buffer [98% formamide (Fisher Scientific, USA), 10 mM EDTA (pH 8.0) and 0.1% 
bromophenol blue (Fisher Scientific, USA)] was added to the samples. Samples were 
then denatured at 95 °C for 5 min and immediately placed on ice. Half microliters of 
samples were loaded into the well. Electrophoresis was performed at " W, 1500 V, 0 
mA and " °C for 210 min. Digital images were produced in real time by the sequencer.  
(  
(  	 
Digestion of pooled genomic DNA with different restriction endonucleases 
followed by pre+amplification PCR with one additional selective nucleotide at the 3’+
end of primer gave rise to different amplification profiles within the size range of 100 
bp to 3 kb (Figure #1). The majority of bands from the HI representation had band 
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size within 500 bp to 2 kb as compared to dIII representations which had bands in 
the size range of 200 bp to 1.5 kb. It was observed that RI, I, I 
subpopulations had bands ranging from 200 bp to 2 kb, 500 bp to 1.5 kb and 900bp to 
3kb, respectively. Combinational digestion of RI/I enzymes produced a 
subpopulation of smaller size fragments, ranging from 100 bp to 1kb. All of these 
substantial smearing profiles indicate a successful pre+amplification PCR.  
/"					
	><?1><@
>&
		
 	6	 

	 	
 (1)  
and (2)  of 769; (3)  and (  of 768; (5)  and (6)  of 751 
controlled cross. , 1 kb ladder; , 100 bp ladder (New England Biolabs).   
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(  #	
 Electrophoresis for selective amplification with 2 additional selective 
nucleotides on a LICOR DNA analyzer revealed high levels of polymorphism for AFLP 
analyses (Figure #/3 Appendices D1+D10). Polymorphism was observed within 
controlled cross (between  and  of the same controlled cross, not 
necessarily due to the shell+thickness gene, rather due to small bulk size), between 
controlled crosses as well as between populations (self+pollinated parents of the 769 and 
768 cross are from the same cross while parent of the 751 cross is from another related 
cross). It was also noticed that the size range of selective amplified products for all 
single+enzyme AFLPs and conventional RI/I AFLP matched well with the size 
range of their pre+amplification profiles, suggesting that selective amplification had 
generated a subset of the original fingerprints. 
 Figure #/ shows that the combination RI/I had generated AFLP profile 
with a majority of bands smaller than 350 bp, whereas the selective profile of the 
single+enzyme RI AFLP shows bands with size spanning the range 300 bp to 1 kb. 
The dense bands of the standard RI/I AFLP were difficult to score for 
polymorphism on the LICOR system.   
 




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
/ "2A 	 		 	  	 	 	./0  (A) Single+enzyme AFLP using RI restriction 
enzyme with 3’+end of the primers having selective nucleotides from AAA to ACT and; (B) Conventional RI/I AFLP with their 
respective primer combinations.
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 Out of all the polymorphisms, 87 different polymorphic bands were found to be 
potentially related to the shell+thickness gene. A band of estimated size was only taken 
into consideration when it appears in at least two out of three of the pooled  
samples, but not in  samples, or " ". It was found that AFLP analysis 
using the dIII enzyme had the highest number of shell+thickness related+ 
polymorphism (2. followed by RI (21), RI/I (18), I (9), HI (8) and 
I enzyme (7). These 87 polymorphic bands were further categorized according to 
their band intensity into three different groups (Table #"# HI, RI, dIII, 
I and I, enzymes were simplified as B, E, H, M and P, respectively. The 
majority of polymorphic bands from the RI analysis fell into either the strong or 
moderate signal groups while the weak signal group contains an abundance of bands 
from HI and dIII analysis. Figure #8 illustrates some bands with strong 
intensity. 
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#	 E+AAA390, E+AAC00. E+AGA650, E+AGC900, E+AGC700, E+
ATA660, E+ATA800, E+ATT3". E+ATT60. H+ACA700, H+ACA900, 
H+ACG625, H+AGA610, M+ACG10, P+ATT580, P+AGA780, P+
AGG530, E+AGG/M+CAA250, E+AGG/M+CAA270, E+AAC/M+
CAT325, E+AAC/M+CTT225, E+ACG/M+CAT325   
	
 B+AGC565, E+AAA750, E+AAA600, E+AAC"0. E+ACA555, E+
ACG670, E+AGC620, E+AGC800, H+AAA850, H+ACA510, H+
ACA700, H+ACA900, H+ACC515, H+AGG550, H+AGG600, H+
ATT680, H+ATT850, H+ATT900, M+ACC580, P+AAA330, P+ATT675, 
P+ATT515, E+AAC/M+CAA525, E+AAC/M+CAT300, E+AAC/M+
CTT380, E+AGC/M+CAA250, E+AGC/M+CAT300 
CB B+AAA730, B+AAA620, B+AAC730, B+AAC70. B+AAT730, B+
ACA600, B+ATT36. E+AAA395, E+AAA800, E+AAC"0. E+
AAC70. E+AAG580, H+AAA5". H+ACA560, H+ACC700, H+
ACC770, H+ACC950, H+ATA580, H+ATA660, H+ATT675, H+
ATT380, H+ATT0. M+AAA780, M+AAA355, M+AAG950, M+
ACA880, M+ACT". P+AGA520, P+ATG80. P+ATT0. E+AAC/M+
CAA380, E+AAC/M+CAA370, E+AAC/M+CTA380, E+AAC/M+
CTT335, E+AGC/M+CAA315, E+AGC/M+CAT230, E+AGC/M+
CTT2". E+AGC/M+CTT10 
%DE	F92E9FE

9E 9E)
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 Two different molecular marker techniques have been employed to identify 
marker(s) closely+linked with the shell+thickness trait. Representation Difference 
Analysis (RDA) allows enrichment and identification of target sequences through DNA 
hybridization and PCR enrichment (Lisitsyn 
, 1993) whereas Amplified Fragment 
Length Polymorphsim (AFLP) is a whole genome profiling molecular technique 
allowing rapid evaluation of many thousands of loci for polymorphism.  
Both AFLP and RDA are different in principal. Despite the differences, both 
techniques share similar working steps involving genomic digestion, adaptor ligation 
and sub+sample amplification. As for RDA, the initial step in AFLP is the digestion of 
total genomic DNA with incomplete digestion being detrimental; it results in detection 
of false positive differences in banding pattern that do not reflect the true DNA 
polymorphisms (Blears  
, 1998). As previously discussed, RDA relies heavily on 
the choice of restriction nucleases as this determines the size of sub+population 
generated and hence the effectiveness of rare target sequence to completely re+associate 
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during subtractive hybridization. In AFLP, two restriction enzymes, a 6+bases rarer 
cutter and a + frequent cutter, are commonly employed for genomic digestion. 
The majority of researchers use the combination of RI (as the rarer cutting) and 
I (as the frequent cutting) enzymes for AFLP analysis. These are also the enzymes 
included in the commercial AFLP kits from Invitrogen, LICOR and Applied 
Biosystems companies. The complexity of analysed fragments is further reduced by a 
two+step amplification strategy that uses primers with selective nucleotides at the 3’+
end. It was found that there is an inverse relationship between the number of fragments 
that are amplified and the number of nucleotides that are added to the primers, due to 
increased sub+sampling of the molecular population when additional selective bases are 
added (Vos 
, 1995). Therefore, it is obvious that both restriction endonuclease and 
primer selection contributes to the effectiveness of AFLP analysis. Indeed, Robinson 
and Harris (1990) inferred that the choice of restriction enzymes and primers greatly 
affect both the quality and quantity of data generated.     
 Meanwhile, it was also noted that both RDA and AFLP utilize adaptor ligation 
to restricted fragments for fragment amplification. However, adaptors in AFLP are 
designed in such a way that a base change is introduced into the restriction recognition 
site, so that the original restriction sites are not restored during ligation, enabling 
restriction and ligation to be completed in the same tube (Vos 
, 1995). Whereas, 
restoration of original restriction sites is important for the RDA protocol to enable the 
adaptors on tester to be changed during each successive rounds of subtractive 
hybridization, ensuring that primer binding sites are only formed in the tester+tester 
hybrids (Lisitsyn, 1995). 
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 PCR amplification using  polymerase is another common key feature in both 
RDA and AFLP methods. For RDA, the PCR mixture is pre+incubated at 72 ºC for 
dissociation of unphosphorylated 12+mer oligonucleotide before addition of  
polymerase to fill in the 3’+recessed ends of the ligated fragments. On the other hand, 
Vos  
 (1995) commented that the filling in of the 3’+recessed ends by  
polymerase during the heating step is a matter of only seconds or less or  
polymerase may have even immediately displaced the non+ligated strands at low 
temperatures during assembly of reaction mixture. Therefore,  polymerase is 
directly added to the pre+amplification and selective amplification mixture in AFLP.  
In the present study, the use of  and  bulks together with an AFLP+
based method allowed the detection of polymorphisms which could be linked to the 
shell+thickness gene. This approach has been previously applied in oil palm research for 
identification of markers to the # (Seng  
, 2007) and the shell+thickness 
traits (Billotte  
, 2001a, b). Furthermore, AFLP in combination with the BSA 
method has also been successfully employed in numerous plant species for marker 
discovery. To name a few, maize (Cai 
, 2003); barley (Altinkut 
, 2003); rice 
(Liu 
, 2010); wheat (Zhang 
, 2011) and sorghum (Chang 
, 2012). This 
proves that AFLP coupled with BSA is a very useful and powerful technique for 
identifying markers that are tightly linked, or co+segregate with, genes underlying 
monogenic and quantitatively inherited traits. 
The single+enzyme AFLP technique was first introduced and commonly used 
for microorganism studies (Gaafar ., 2003; Giammanco 
, 2007; Gibson ., 
1998; Valsangiacomo ., 1995). It is believe that this study was the first to exploit 
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the effectiveness of single+enzyme AFLP for isolation of genes of interest for plant 
genome, namely oil palm genome.  
 The use of single enzyme instead of combination of two restriction 
endonucleases had raised concern about an insufficient reduction of genome complexity 
and high background level of amplified fragments. Figure #1 shows that combinational 
RI/I digestion yielded a profile with fragments of smaller size (100+1000 bp) 
compared to genomic digestion with a single enzyme RI  and I alone, which 
produced larger bands with size ranging from  200 bp to 2 kb  and 500 bp to 1.5 kb, 
respectively. To ensure further reduction of genomic complexity, a total of six selective 
nucleotides were used in the present study, three selective bases for primers of both 
ends of fragments. This is consistent with the experiment set up of Vos 
 (1995) in 
which six selective nucleotides were also used for the larger genomes of maize (2500 
Mbases) and human (300 Mbases) as compared to oil palm genome size of 1800 
Mbases.  Blears 
 (1998) suggested that 1+2 selective nucleotides on 3’+end of each 
primer may be sufficient for small genomes of 10
6
+10
7
 base pairs (bp) while more 
complex genome of 10
8
+10
9
 bp will require additional selective nucleotides to reveal 
polymorphism.  
In this study, a single+base extension at the 3’+end of primers was used during 
pre+selective amplification followed by two additional selective nucleotides for 
selective PCR amplification. All 16 possible combinations derivable from four 
nucleotides were exploited. Mba and Tohme (2005) estimated that a 256+fold 
complexity reduction can be achieved through selective annealing of the PCR primer to 
only the subset of restricted fragments that carry the specific three selective nucleotides. 
Four+base extensions were not recommended as Vos 
 (1995) had demonstrated that 
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the tolerance of mismatches can occur during amplification of primers with + 
extensions, indicating a loss of selectivity. Therefore, only primers with at most three 
selective nucleotides were used in this study.  
Single+enzyme AFLP analysis on typing and epidemiological studies of 
$(Valsangiacomo 
, 1995) found that the choice of suitable 
restriction enzyme is crucial to generate informative profiles with a reasonable number 
of polymorphic bands. I enzyme (GC+rich) was found to be appropriate for typing of 

 but not  %$; less informative patterns were obtained 
with strains due to its low GC content. With the large genome size of oil palm, 
restriction digestion of genomic DNA with a single enzyme would definitely generate 
large numbers of potentially polymorphic bands. Therefore, five different enzymes 
were exploited in the present study. HI and dIII enzymes were employed in 
previous RDA analysis (chapter 3) while I enzyme was used for genome complexity 
reduction in development of oil palm DArTSeq markers as reported in Chapter 5. These 
DArTSeq markers were then employed to construct the high density genetic linkage 
maps of the 768 and 769 populations (Chapter 6). Among the five enzymes, it was 
demonstrated that the majority of the shell+thickness related+polymorphic bands with 
strong intensity were generated from the analyses using RI enzyme (9), follow by 
combinational RI/I enzyme (5) while AFLP analysis using single+enzyme 
dIII and HI gave rise to considerable numbers of weak signal potential 
polymorphic bands. 
It was found that around 100 polymorphic bands per primers pair per sample 
were observed in the selective amplification profile of AFLP analysis in the present 
study (Appendices D1+D8). Typically, AFLPs produce 50+100 fragments (Vos  
, 
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1995) and around 100+150 bands can be separated on a standard length sequencing gel 
of 0+"0 cm (Ridout and Donini, 1999). This reveals that AFLP analyses in the present 
study had generated reasonable numbers of polymorphic bands. Nevertheless, research 
had shown that organisms with large amounts of repetitive DNA and retrotransposons 
frequently give rise to profiles with many low+intensity peaks that are difficult to score 
(Kardolus 
, 1998; Fay 
, 2005). This could explain the appearance of quite a 
number of less intense bands in the current set of gel profiles as oil palm genome, like 
most plant genome, consists of large numbers of repetitive DNA sequences (Castilho 

, 2000).  
One of the major concerns for single+enzyme AFLP analysis is the formation of 
an inverted repeat at the ends with base+pairing of the ends of the fragments forming a 
stem+loop structure that competes with primer annealing (Vos 
, 1995). The use of a 
single primer could also cause the occurrence of “doublets” on the gels due to unequal 
mobility of the two strands of the amplified fragments which can be observed in high 
resolution analysis systems (Vos  
, 1995). For the present study, these two 
problems should not be neglected although reasonable numbers of polymorphic bands 
had been generated and differences in banding pattern between  and  bulks 
were successfully identified.  
In the present study, AFLP method was deem promising in identifying shell+
thickness related polymorphic bands, further recovery and molecular cloning of the 
candidate bands are necessary to identify the genetic markers as the sequence content of 
the AFLP fragments were unknown throughout the process. Various studies have 
shown that polymorphic AFLP detected were mostly non+coding fragments closely 
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linked with the gene rather than inside the gene sequence itself (Butlin, 2010; Minder 
and Widmer A, 2008; Paris and Despres, 2012).  
On the other hand, genetic linkage mapping of the candidate AFLP specific 
primer pairs would identify a map location for the AFLP markers; allow better 
understanding of the relative distance of the markers to the trait of interest, the shell+
thickness gene. AFLP is commonly used in the construction of high density genetic 
linkage maps and in position cloning of gene of interest because of its versatility (Blears 
 
, 1998). AFLP markers are often complementary to other molecular marker 
techniques and in some cases, the resulting linkage maps were better resolved (Meudt 
and Clarke, 2007). AFLP has been generally employed for genetic linkage mapping in 
oil palm. Besides the genetic mapping of CIRAD golden cross by Billotte 
 (2005), 
AFLP, together with RFLP and microsatellites marker systems, was used for the 
construction of genetic map for FELDA high yielding DA1 cross (Seng 
, 2011) 
and interspecific 
 $ and 
  cross (Singh  
, 2009). The latter 
enabled identification of 11 QTLs for iodine value and six different components of fatty 
acid composition that control oil quality.  
Meanwhile, together with DArT and SSR markers, AFLP markers have also 
been employed to construct the genetic linkage mapping of other plant species, for such 
as wheat (Semagn 
, 2006), triticale (Tyrka 
, 2011) and ryegrass (Julie et 
, 
2013). In the present study, selective AFLP primer pairs that were identified would be 
useful for genotyping of closely+related populations of the 768 and 769 followed by 
saturation of the genetic linkage maps constructed using DArTSeq and SSR markers, as 
reported in hapter 6, to facilitate the identification of the shell+thickness marker(s) and 
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possibly characterization of the shell gene as well as QTL study of important agronomic 
traits. However time was lacking for this part of work.    
Although AFLP is more robust than RFLP and RAPD, the technique requires 
technical skills and DNA of high quality. The quality of the extracted DNA and the 
method of extraction could affect the profiles obtained (Jones 
, 1997, Benjack 

, 2006). Benjack  
 (2006) and Mikulášková  
 (2012) reported that 
commercial DNA extraction kits can give better quality DNA than some other methods. 
DNAs used in the present study were extracted conventionally using modified CTAB 
method. It is believed that contaminants during purification of DNA such as chloroform, 
ethanol and EDTA will interfere with the performance of restriction endonucleases 
(Fuchs and Blakesley, 1983) and this is detrimental as fragments generated from 
incomplete restriction of genomic DNA may be misinterpreted as false polymorphism 
(Blears  
, 1998). Therefore it is vital to use DNA of high purity with OD 
measurement of 260/280 ratio of 1.8+2, regardless of the extraction methods.   
Genotyping errors are another issue that is often neglected.  In comparing four 
different case studies of population genetic study, Bonin 
 (200 estimated a 2.6% 
of genotyping error for AFLP loci from a study of and it was also found 
that human factors were non+negligible error generators. Therefore the author suggested 
that systematic pilot study should be performed before any extensive investigation, to 
provide opportunity to acquire experience with the technique and to achieve 
reproducibility. Pompanon 
 (2005) classified the main cause of genotyping errors 
into four groups, which are variation in DNA sequence, sample quality, biochemical 
artefacts and equipment, and lastly human factor. The use of appropriate number of 
positive and negative controls, 5 to 10% replication of samples as well as experience 
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and rigor in the laboratory work are necessary to maintain the consistency of profiling 
and reduce the genotyping error (Pompanon  
, 2005). Therefore for the current 
AFLP analysis, it will be beneficial to have a replicate study together with negative 
controls for the assessment of the reproducibility of the technique and error estimation.   
In conclusion, the use of single+enzyme and conventional RI/I AFLP 
analyses identified 29 primer pairs that yielded ! polymorphic bands with good 
intensity between  and  bulks. AFLP technique was deemed promising for 
the identification of marker(s) closely linked with the shell+thickness gene through 
saturation of the constructed high density DArT+ and SNP+based genetic linkage maps. 
However, due to the time constraints, this part of work was not pursued. Future studies 
should involve an extensive AFLP analysis with appropriate controls to reduce 
genotyping errors and acquire experience with the experimental techniques.  
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 All organisms are subjected to mutation as a result of normal cellular operations 
or interactions with the environment, leading to genetic variations (polymorphism) 
between and within species. Molecular marker technology can be utilised to reveal these 
naturally occurring polymorphisms (Nguyen and Wu, 2005).  A molecular marker is 
defined as a particular region of DNA that reveals differences at the genome level 
(Agarwal 
, 2008).  
 The development of molecular markers has revolutionized plant genetic research. 
Molecular markers are commonly used in plant genetic analyses, such as assessment of 
genetic diversity, fingerprinting of varieties, linkage map construction, QTL mapping for 
desirable traits and marker,assisted selection (Collard 
, 2005; Semagn 
, 2005).  
 Microsatellites or SSRs are one of the commonly used molecular markers in plant 
studies. Microsatellites are regions of DNA that consist of short tandem repeating 
nucleotide units that can be found throughout the genomes of eukaryotic species (Powell 
 
, 1996). Because of their high reproducibility, multi,allelism and co,dominant 
inheritance, SSRs are the marker of choice for plant genetics and breeding applications 
(Gupta and Varshney, 2000). Billotte 
 (2001) reported the development of the first 
set of oil palm microsatellite markers. The authors used these markers to construct a high 
density linkage map and QTL analysis in oil palm (Billotte 
, 2005; Billotte 
, 
2010).   
 A single nucleotide polymorphism (SNP) is a single,point mutation in the DNA in 
which one nucleotide at a particular locus is substituted with another one. In recent years, 
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development and use of SNPs in plant genetics and breeding has gained popularity 
compared to SSRs. SNPs are highly abundant in genomes, amenable to high,throughput 
screening, co,dominant and usually bi,allelic (Kahl 
, 2005). Development of Next 
Generation Sequencing (NGS) technologies has also catalysed the development of SNP 
even in crops with little or no sequence information (Varshney 
, 2009).  
 Classical Diversity Array Technology (DArT) is a microarray,based marker 
system utilising genome complexity reduction to simultaneous type several hundreds to 
thousands of loci in a single assay. DArT markers enable sequence,independent and cost,
effective whole,genome profiling (Jaccoud  
, 2001). This technique has been 
successfully applied for various studies and diversity arrays are currently available for 
over 120 different plant species, including oil palm (www.diversityarray.com). DArT 
“Genotyping,by,sequencing” (DArTSeq) is a new marker platform in which the DArT 
complexity reduction approach is coupled with Illumina short read sequencing to 
generate dominant DArT markers and co,dominant SNP markers (Sansaloni 
, 2011).  
 The aim of the research reported in this chapter is to develop and characterise 
DArTSeq (both DArT and SNP) markers as well as characterise publicly available SSR 
markers using two closely related  self,pollinated oil palm crosses, namely 768 and 
769. These markers were used in the construction of genetic linkage maps (See chapter 6) 
to identify markers closely linked to economically important traits, particularly the shell,
thickness trait (See chapter 7 and 8). This chapter reports the first attempt to employ the 
DArTSeq platform to genotype oil palm populations. Publicly available SSR markers 
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reported in Billotte 
 (2005, 2010) were also screened for their polymorphism in the 
present study.  
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 Two populations, 768 and 769, from the AAR oil palm breeding programme were 
selected to generate DArTSeq markers and characterise SSR markers in the present 
study. The progenies of the 768 and 769 populations are derived from self,pollination of 
 palm 228/05 and 228/06, respectively. Both 228/05 and 228/06 are full,sibs from 
the same  x  cross of Binga x Yangambi AVROS origin. A total of 48 and 
58 offspring from the 768 and 769 controlled crosses, respectively, together with their 
 parents were available and used for screening of SSR markers and development of 
DArTSeq markers reported in this chapter and subsequent genetic mapping and QTL 
analysis reported in chapters 6 and 7. The previously identified outliers of the 768 and 
769 controlled crosses (Chapter 3), 768/28 and 769/36, were excluded from markers 
development and characterisation. 
 The mapping populations are planted at AAR breeding research station in Paloh 
Estate, Johore, Malaysia. Sampling of frond one leaves from the progeny palms was 
carried out in October 2011. The leaves were cleaned with 70% EtOH, cut into small 
pieces, packed and stored at ,80 °C. 

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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 Genomic DNA was extracted from freeze,dried leaves using NucleoSpin® Plant II 
kit according to manufacturer’s instruction (Macherey,Nagel, Germany) which could be 
divided to four basic steps, lysis, binding of DNA samples to column, washing and 
elution of DNA. The quality and quantity of DNA was determined by agarose gel 
visualisation under UV light. Five microlitres of eluted DNA was mixed with 5 KL 6x 
loading dye and loaded onto a 1% agarose gel in 0.5x TBE buffer. At the same time, a 
series of known concentrations of uncut Lambda bacteriophage (50,500 ng) and 2,log 
DNA ladder (New England Biolabs) were also loaded into the same gel. The gel was run 
at 100 V for 60 min and visualised under UV light. Quantification of DNA was achieved 
by comparing the band intensity of eluted DNAs with those of the lambda DNA 
standards.  
 The integrity and purity of DNA samples were checked by incubating 1 KL of 
genomic DNA in a total of 5 KL of RI restriction buffer with and without RI 
restriction enzyme at 37 °C for 2 hours. The DNA was then visualised by 1% agarose gel 
electrophoresis. DNA was stored at ,20°C.  
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 A total of 106 progenies from the 768 and 769 controlled crosses together with 
their  parents were sent to Diversity Arrays Technology Pty Ltd in Yarralumla, 
Australia, for the genotyping service with DArTSeq platform. Twenty microlitres of 
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DNA with concentration of about 50 to 100 ng/KL were pipetted into a fully skirted 96,
well plates. The plates were capped by strips of eight caps and sealed with parafilm prior 
to shipment for DArT services.  
 A detailed account of DNA genotyping using DArTSeq platform has been 
reported earlier by Sansaloni 
 (2011) and Cruz 
 (2013). In brief, the procedure 
involves generation of genomic representations of individual samples using restriction 
enzymes combinations that involve I. A I,RE site specific adaptor is tagged with 
96 different barcodes enabling a plate of encoded DNA samples to run within a single 
lane on an Illumina Genome Analyzer IIx. A sequencing primer is included in the I 
adaptor so that the tags generated are always reading into the genomic fragments from the 
I sites. After the sequencing run, the FASTQ files are quality filtered using a threshold 
of 90% confidence for at least half of the bases and with more stringent filtering for the 
barcode sequences. The filtered data are then split into their respective targets 
(genotypes) using a barcode splitting script. After producing various QC statistics and 
trimming of the barcode, the sequences are aligned against the reference created from the 
tags identified in the sequence reads generated from all the samples. The output files 
from the alignment generated using the Bowtie software are processed using an in,house 
analytical pipeline to produce a “DArT score” (presence/absence) and “SNP” tables. 
Additionally, several parameters are computed by DArTsoft for evaluating the quality of 
markers, for example parameter call rates (percentage of genotypes able to be called) and 
Q (a quality score that measures signal to noise ratio).  
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 Upon receiving the DArT score and SNP tables from DArT Pty Ltd, the 
percentage of missing data and allele ratio of DArTSeq markers (DArT and SNP) in both 
the 768 and 769 populations were calculated. The rate of missing data is the ratio of 
individuals with missing data to the total number of individuals in the population, while 
the allele ratio was calculated as the segregation ratio of individual alleles in the 
population. Subsequently, DArT and SNP markers were selected for mapping work with 
the following criteria: firstly, markers with less than or equal to 5% missing data were 
selected; secondly, selection of DArT and SNP markers with allele ratio of 0.15,0.85. 
Lastly, genotyping data of  parents was used as a quality control in which 
inconsistent results between expected segregation patterns based on the parental scores 
and the observed population scores were eliminated from the dataset. 
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 The present study aimed to identify at least two polymorphic SSR markers, 
available at the CIRAD public database, from both ends of the oil palm chromosomes, 
using the 768 and 769 controlled crosses. These SSR markers were used as anchor loci in 
the construction of genetic maps reported in chapter 6. The latest genetic map published 
by Billotte 
 (2010) served as a reference for the location of SSR markers while the 
primer sequences of the markers were retrieved from 
http://www.neiker.net/link2palm/OilP/for1,6a.htm.  
 A three primer labelling system was adopted for SSR genotyping of the current 
mapping populations (Schuelke, 2000). All forward SSR primers were designed with a 
M13 sequence (5’,CACGACGTTGTAAAACGAC,3’) added to the 5’,end giving rise to 
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the ‘Tagged,Forward” primer. In each PCR reaction, the amount of M13,tagged forward 
primer would be roughly 1/10th of the reverse primer with the remaining 9/10th of the 
forward primer being a fluorescently,labelled M13 sequence primer. This allows 
incorporation of fluorescent dye into final PCR products when the locus,specific M13,
tagged forward primer is exhausted and the dye,labelled M13 primer takes over during 
PCR reaction. All the M13,tagged forward primers and reverse primers were synthesized 
by MWG Eurofins while the blue, green or black dye,labelled M13 primers were from 
WellRED primers, Sigma. Extracted genomic DNAs were diluted to 10 ng/KL for PCR 
reactions. 
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 The three primer amplification system necessitates finding the optimal 
temperature which favours amplification with all three primers. A range of annealing 
temperatures was tested using gradient PCR. DNA of all individual palms was mixed in 
equal amounts to form the template DNA for the gradient PCR. 
 The PCR reaction was set up in 96,well plates (Thermo Scientific) by mixing 20 
ng of temperature DNA, 4 mM dNTPs mix, 0.4 KM M13,tagged forward primer, 4 KM 
reverse primer, 1x dye,labelled M13 primer, 0.1 Kl of  polymerase and 2 Kl of 10x 
PCR buffer in a total volume of 20 Kl. The plate was sealed with Thermowell® sealing 
mat (Fisher Scientific) and briefly centrifuged to bring down the contents. PCR reaction 
was performed with an initial denaturation of 94 °C for 3 mins, followed by 35 cycles of 
denaturation at 94 °C for 1 min, 6 different annealing temperatures of 50, 53, 56, 59, 62 
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and 65 °C for 1 min, extension at 72 °C for 2 min, and final extension of 72 °C for 10 
min.  
 Five microlitres of 6x loading buffer were added into each PCR reaction and 10 Kl 
of the sample was then analysed on a 2% agarose gel alongside a 2,log ladder. The 
optimal annealing temperature would be expected to show a single specific band of 
expected size with the strongest band intensity and little background.  
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 After optimizing the annealing temperature of each primer set, SSR markers were 
screened for their polymorphism using the  parents of both the 768 and 769 
controlled crosses, 228/05 and 228/06. PCR reactions were prepared with each tube 
containing  20 ng of template DNA, 0.4 KM M13,tagged forward primer, 4 KM reverse 
primer, 1x dye,labelled M13 primer,  polymerase in 1x PCR buffer with total volume 
of 20 Kl. For the same primer pair, the reactions involving the DNA of 228/05 and 228/06 
used different coloured dyes, so to allow both products to be run in the same capillary 
size evaluation, and also to allow any coincidence of allele sizes between the genotypes 
to be resolved. Amplifications were carried out with the following programme: 94 °C for 
3 mins, 35 cycles of 94 °C for 1 min, selected annealing temperatures for 1 min and 72 
°C for 2 min, and final extension of 72 °C for 10 min. The PCR products were then 
checked on a 2% agarose gel before running on the capillary sequencer. 
 For the same primer pair, both PCR reactions of 228/05 and 228/06 were pooled 
together for fragment size analysis using a Beckman CEQ 8000 Genetic Analyzer 
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(Beckman coulter inc, USA). The blue dye gives a stronger signal than the green dye on 
the CEQ machine. Therefore, a larger volume of green dye,labelled PCR products were 
added to the pool, normally 5 Kl green,labelled products were mixed with 2 Kl blue,
labelled PCR products.  
 Prior to fragment size analysis, sample loading solution (SLS) and size standard 
(SS) (Beckman Coulter Inc, Fullerton, USA) were mixed in the ratio of 1:100 (v/v).  Four 
microlitres of pooled PCR products were loaded into a new PCR plates, mixed with 25 Kl 
of SLS:SS mix and covered with a drop of mineral oil. The mixture was then loaded into 
a Beckman CEQ 8000 Genetic Analyzer, voltage was applied for gel electrophoresis and 
the samples were analysed. The fragments sizes of genotypes can be manually scored 
using the CEQTM 8000 Fragments Analysis Software Version 8 to calibrate for size.  
 Figure 5.1 illustrates an example of an amplification profile produced using the 
Fragment Analysis Software. The software converts the banding pattern into a plot with 
the height of peaks corresponding to the intensity of each band. The position of the peak 
along the x,axis corresponds to the size of the band. One colour is used for the size 
standard to calibrate the band positions of the microsatellite amplification product. Here 
red is used for the size standard. SSR primer pairs are considered to be polymorphic 
when both parents were found to have at least two alleles.  
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 All individuals in the mapping population were genotyped with the selected 
polymorphic SSR markers with the parents serving as positive control. The procedures of 
PCR and fragment size analysis were performed in the same way as mentioned in section 
5.3.4.2.  
 To save cost, a pool of four different SSR marker PCR products were mixed to 
send for multiplexed fragment size analysis using the CEQ fragment analyzer. When the 
size differences between different marker,alleles of the same pool were sufficient to be 
distinguished (at least 30 bp apart, based on parental alleles), all PCR reactions were 
labelled with the strong blue dye. Visualised band intensities during agarose gel 
electrophoresis were used to determine the amount of products to be added to the pool 
before capillary analysis. Products with stronger amplification would contribute less to 
the pool while weak amplification products would contribute more to the pool to have an 
overall balance of intensity of signal during fragment analysis. For primer pairs in the 
same pool with products of similar size (<30 bp), one of the PCR products would be 
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labelled with the green dye instead and more green dye,labelled products would be 
loaded for fragment analysis due to the weak signal of green dye.  
$  *  
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 Prior to the shipment of DNA samples for DArT genotyping service, quality and 
integrity check of the kit,extracted genomic DNA samples was performed using 
restriction endonuclease digestion reaction, to ensure that inhibitors were not present, as 
complete digestion is essential to provide robust differences between genotypes. Figure 
5.2 illustrates the digestion profile of genomic DNA without (a, control) and with (b) 
restriction endonuclease RI. Intact high molecular weight genomic DNA were 
observed for all DNA samples that were not subjected to restriction enzyme digestion 
while smearing of DNAs were observed after digestion with the restriction enzyme, 
suggesting complete digestion of genomic DNA. This demonstrates that DNA samples 
were intact and were likely to be of good enough quality for subsequent DArT analysis. 
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* 8:9, positive control with addition of the RI enzyme; 8;9, negative control without 
RI enzyme.    


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 A total of 11,675 DArTSeq markers, constituting of 6,764 DArT and 4,911 SNP, 
were generated from genotyping of the 768 and 769 mapping populations. DArT markers 
are dominant and were scored as either 1 (present) or 0 (absent). SNP markers are 
biallelic with scoring for both alleles generated, thus homozygosity and heterozygosity of 
individual samples could be distinguished using SNP markers.  
 The quality score (Q) for DArT markers ranged from 1.50,38.65 with an average 
of 5.35 whereas call rate was in the range of 0.73,1 with a mean of 0.90. Better call rate 
were attained by SNP markers, ranging from 0.75,1 with a mean of 0.95.  The call rate of 
the  parents was 82.4% and 98.4% for DArT and SNP markers, respectively. The Q 
score is a direct measure of the quality of genotyping while the call rate essentially 
reflects the percentage of missing data tolerated. The DArT and SNP markers generated 
were generally of good quality and high polymorphism.  
 Initial analysis discovered that four and one samples from the 768 and 769 
controlled crosses, respectively, were distinct from their cross and parents. These 
samples, namely 768/26, 768/27, 768/29, 768/30 and 769/18, were discarded as 
illegitimate samples. These atypical genotyping results were consistent between both 
DArT and SNP fingerprinting. Therefore these five samples were removed from the 
subsequent analysis, marker selections as well as genetic mapping and QTL analysis.  
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 Figure 5.3 illustrates the percentage of missing data and allele ratio of DArT 
markers genotyped. It was noticed that 5,907 DArT markers from the 769 controlled 
cross (87%) had no missing data compared to only 1,537 in the 768 controlled cross 
(22.7%). The majority of DArT markers obtained from the 768 controlled cross had a 
missing data rate less than 0.2. Closer inspection has revealed that 769/7, 768/40 and 
769/13 are the samples with the highest number of missing data, more than 15% of the 
total DArT markers genotyped. These three samples had 15.1%, 15.7%, and 17.7% of 
missing data, respectively.  
 DArT markers were regarded as monomorphic when all the individuals in the 
population were scored either 1 or 0. Out of the 6,764 DArT markers, a total of 2,423 
(35.80%) and 2,314 (34%) monomorphic DArT markers were present in the 768 and 769 
controlled crosses, respectively, but polymorphic between crosses or the five outcrosses 
identified. This is due to the software pipeline looking for polymorphism across the entire 
set of samples, which includes two (related) crosses and outcrosses.  
  Due to the diversity of DArT markers in terms of percentage of missing data and 
allele ratio, a subset of relatively good DArT markers were selected with the stringent 
criteria of less than 5% missing data and allele ratio of 0.15,0.85. In total, 948 and 958 
DArT markers were chosen for the 768 and 769 controlled crosses, respectively, for 
subsequent linkage mapping analysis.  
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%	%	Missing data rates were calculated as the number of individuals with missing data 
over total number of individuals in the population. Allele ratio were calculated as the average 
ratio of presence:absence of bands in the population.  
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 Both populations showed similar trends in the rate of missing data and allele ratio 
of the SNP alleles genotyped (Figure 5.4). A large proportion of the SNP alleles from 
both the 768 and 769 controlled crosses were found to be free of missing data (68.6% and 
64.2%, respectively). None of the individual genotypes had more than 15% missing data. 
Samples with the greatest numbers of missing data were 769/29 and 769/7 with 
percentages of 12.8 (626/4911) and 12.7 (621/4911), respectively.  
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 SNP markers are bi,allelic where scoring of both alleles is possible for all SNP 
markers. Studies on the segregation patterns of SNP alleles revealed that around 40% of 
SNP alleles have the same segregation patterns across all the individuals of the same 
population, being either present or absent. The other alleles of the same SNP marker 
could have various segregation patterns; however these highly distorted SNP markers are 
not suitable for mapping. It was found that the 768 and 769 controlled crosses have as 
high as 1,538 and 1,537 monomorphic SNP markers, respectively, which is slightly 
greater than 30% of the total SNP markers genotyped.  
 As for the DArT markers, only a proportion of relatively good SNP markers were 
selected for further linkage mapping and QTL analysis. The selection criteria were set as 
follow: less than or equal to 5% missing data and allele ratio of 0.15,0.85 for both alleles 
of the SNP markers. The parental genotyping data also served as a quality control with 
the parental palm expected to be heterozygous for any segregating SNP marker. If this 
was not the case, then the marker was eliminated. Eventually, 719 and 729 SNP markers 
were selected for the 768 and 769 populations, respectively, for the construction of 
genetic linkage maps.  
 As a result, a total of 1,667 and 1,687 markers were selected from DArTSeq 
platform for map construction of the 768 and 769 populations, respectively.  
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%	%	Missing data was calculated as the number of individuals with missing data over 
total number of individuals in the population. Allele ratio was calculated as the average ratio of 
presence:absence of an allele in the population.
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 Oil palm SSR markers developed by CIRAD (Billotte  
, 2005, 2010) were 
selected to screen for polymorphism in the 768 and 769 mapping populations. In view of 
amplification using three primers, gradient PCR was performed to determine the optimal 
annealing temperature for each SSR primer pair. Figure 5.5 illustrates examples of 
	
   
188 
 
gradient PCR products of six different primer pairs. Vague or no amplification was 
observed for mEgCIR3747 and mEgCIR2029 SSR primer pairs while the mEgCIR3383 
primer pair displayed multiple bands. These three primers were deemed not suitable for 
progeny genotyping. As for the mEgCIR3358, mEgCIR2600 and mEgCIR0555 primers, 
clear single bands were observed, although the amplification of mEgCIR3358 was 
relatively weaker than the other two. The highest temperature of good band amplification 
was chosen as the optimal annealing temperature. Therefore the following temperatures, 
53, 59 and 56 °C, were chosen as optimal annealing temperature for mEgCIR3358, 
mEgCIR2600 and mEgCIR0555 primer pairs, respectively.  
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 Gradient PCR was performed using 
six different annealing temperatures, 50, 53, 56, 59, 62 and 65 °C. , 2,log DNA ladder (New 
England Biolabs).  
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 Following the optimization of annealing temperatures, the selected primer pairs 
were screened against  self,pollinated parents of both controlled crosses, 228/05 
and 228/06. An example of an agarose gel electrophoresis of the amplification of parental 
material using SSR markers is shown in Figure 5.6. Clear single bands with good product 
yield for both parents indicate that amplification was successful and the PCR product 
could be further analysed using the CEQ 8000 Genetic Analyzer. For the primer 
mEgCIR3213, faint bands were observed suggesting weak PCR amplification. For those 
primers producing faint bands, the PCR reaction was repeated with increased DNA and 
agarose gel electrophoresis was used to confirm amplification before proceeding for 
fragment analysis.  
 
-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% 1, 228/05; 2, 228/06; (,), negative control. , 2,log DNA ladder (New England 
Biolabs).  
 Figure 5.7 illustrates five examples of fragment profiles amplified from 228/05 
and 228/06 using CEQTM 8000 Fragments Analysis Software Version 8. A single peak 
was observed for both parents for mEgCIR0555 primer pairs [Figure 5.7 (a)], this primer 
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product is concluded to be monomorphic in each parents (although polymorphic between 
parents) while screening of primer mEgCIR3590 showed that 228/06 is homozygous but 
228/05 is heterozygous [Figure 5.7 (b)]. Meanwhile, the mEgCIR3477 primer was shown 
to be polymorphic for both  parents with clear display of two peaks, 2 alleles, with 
size of 244 and 261 bp, respectively. Both samples share the same alleles for this SSR 
primer pairs. The peaks with its shutter bands were shown to be evenly spaced with 
decreasing height to the left of the peak and larger alleles show slightly shorter peak than 
smaller alleles.  
 Both mEgCIR3809 and mEgCIR2215 primers were also polymorphic in both 
parents but with different fragment profiles [Figure 5.7 (c) and (d)]. For the mEgCIR3809 
primer, parent 228/05 had two alleles of 115 and 122 bp in size while the two alleles of 
228/06 were 121 and 133 bp. Primer mEgCIR2215 exhibits a complex profile [Figure 5.7 
(e)]. Both samples were heterozygous, but the two alleles were only one repeat unit 
different in size. Overlapping of the second stutter peak of the larger allele with the 
smaller allele increased the intensity of smaller allele.  
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and green colour peaks indicate 228/06. Red colour is the size standard.  
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 Initially, 64 oil palm SSR markers were screened for their amplification and 
polymorphism. More markers were screened subsequently to ensure at least one 
polymorphic SSR marker was identified for each end of the linkage groups for both 
populations. A total of 102 markers were eventually screened and 36 polymorphic 
markers were identified. This suggests a 35% polymorphism level for CIRAD SSR 
markers on current set of mapping populations from AAR breeding programme. Note 
that no polymorphic markers were identified for LG 5, 13 and one terminal end of LG 4 
where the  gene is located despite screening of all the available SSR markers on those 
particular chromosomes (Billotte  
, 2010). Table 5.1 presents the selected 
polymorphic markers with their forward and reserve primer sequences, linkage group 
according to previously published genetic maps by Billotte  
 (2010), optimal 
annealing temperature and allele size in both the 768 and 769 populations.   
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1 mEgCIR3788 
F: M13, TTGTATGACCAAAGACAGC  
1 56 182/184 182/184 
R: AGCGCAACATCAGACTA 
2 mEgCIR3809 
F: M13,CCTTGCATTCCACTATT 
1 53 115/122 121/133 
R: AGTTCTCAAGCCTCACA 
3 mEgCIR3392 
F: M13,AGCAAGGGAGAAAGATG 
1 56 251/280 251/281 
R: CGAGCAATCAACCTGACTA 
4 mEgCIR2215 
F: M13,GAACTTGGCGTGTAACT 
2 56 136/138 136/138* 
R: TGGTAGGTCTATTTGAGAGT 
5 mEgCIR0793 
F: M13,GTACTTCGCAACTATTCCTTTTCTT 
2 56 170/176 172/176 
R: AGTTGATCGTGGTGCCTGAC 
6 mEgCIR2575 
F: M13,GGGACTTCGCAAACTGTAGCA 
2 62 259/274* 271/274 
R: CGGTGGCGTATGGTGGATT 
7 mEgCIR3649 
F:M13,TTTAGAGGACAAGGAGATAAG 
2 62 306/311 307/311 
R: CGACCGTGTCAAGAGTG 
8 mEgCIR3683 
F: M13,GTAGCTTGAACCTGAAA 
2 56 157/161 157/161 
R:AGAACCACCGGAGTTAC 
9 mEgCIR2518 
F: M13,GATCCCAATGGTAAAGACT 
3 53 291/303 291/293 
R: AAGCCTCAAAAGAAGACC 
10 mEgCIR3301 
F: M13,GCACTTGGTGGTTATGA 
3 50 
148/161/ 148/156/ 
R: AGCTGCTGATGGATATC 230/244 230/238 
11 mEgCIR3477 
F: M13,CCTTCAAGCAAAGATACC 
4 56 244/262 244/262 
R: GGCACCAAACACAGTAA 
12 mEgCIR3526 
F: M13,GGGAGAGGAAAAAATAGAG 
4 56 227/240* 
225/227/ 
R: CCTCCCTGAGACTGAGAAG 240/246 
13 mEgCIR0783 F: M13,GAATGTGGCTGTAAATGCTGAGTG 6 62 322/324 314/324 
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R: AAGCCGCATGGACAACTCTAGTAA 
14 mEgCIR3358 
F: M13,CCAAGGAACAACATAGA 
6 53 235/245 214/235 
R: GTTCCCATCCTATTAGAC 
15 mEgCIR2600 
F: M13,GGGGATGAGTTTGTTTGTTC 
7 59 292/297 285/297 
R: CCTGCTTGGCGAGATGA 
16 mEgCIR0894 
F: M13,TGCTTCTTGTCCTTGATACA 
7 56 211/217 204/217 
R: CCACGTCTACGAAATGATAA 
17 mEgCIR2887 
F: M13,CTACGGACTCACACCTATAT 
8 50 107/109 107/109 
R: ATGGTTCATCAATGAGATC 
18 mEgCIR3622 
F: M13,GCCAGTTAGGAATACAA 
8 50 170/174 154/174 
R: GTCACGCATTTTTCTTG 
19 mEgCIR3592 
F: M13,GAGCCAAAACAGACTTCAA 
9 56 200/206 200/202 
R: ACCGTATATGACCCCTCTC 
20 mEgCIR3663 
F: M13,AGCAAAATGGCAAAGGAGAG 
9 56 235/247 235/247 
R: GGTGTGTGCTATGGAAGATCATAGT 
21 mEgCIR0446 
F: M13,CCCCTTCGAATCCACTAT 
10 53 225/229 225/229 
R: CAAATCCGACAAATCAAC 
22 mEgCIR3826 
F: M13,AAACCAAGTCAAGTTCAGTT 
10 50 263/267 267/269 
R: TTTTTTTAATTGATGGATAG 
23 mEgCIR3362 
F: M13,CCCATCATCTGCTCAGGATAGAC 
11 59 165/195 165/195 
R: ACCCTCTCCTCTTGGGAAGA 
24 mEgCIR3653 
F: M13,CATGAGATGGTATATAATCTATAC 
11 56 149/165 139/165 
R: ACGAGATCTGCTTCATTGT 
25 mEgCIR1730 
F: M13,AATTTCAAATACAGCATAGC 
12 56 263/273 263/273 
R: CATAGTAAGTTTTGGATGATTATTA 
26 mEgCIR0906 
F: M13,TTTTATTTTCCCTCTCTTTTGA 
12 56 155* 155/177 
R: ATTGCGTCTCTTTCCATTGA 
27 mEgCIR0465 
F: M13,TCCCCCACGACCCATTC 
12 56 142/151 151* 
R: GGCAGGAGAGGCAGCATTC 
28 mEgCIR0772 F: M13,TATAATCCACCCAGCACAAC 14 53 166/182 166/184 
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R: CCAATTATACAATCCCACAAAG 
29 mEgCIR3350 
F: M13,GGAATAAAGCTTCCAACAAC 
14 62 309/311 309/311 
R: CCTGGTCGTTTGGTAGAGA 
30 mEgCIR2409 
F: M13,TAATTCATGAGTGCCCAACA 
15 59 176/186 184* 
R: TATGGTCCCACAAACTTCTC 
31 mEgCIR0230 
F: M13,CCCTGGCCCCGTTTTTC 
15 59 341/346 345/359* 
R: AGCGCTATATGTGATTCTAA 
32 mEgCIR1729 
F: M13,TACGTGAAAGGCTTGCTTAT 
15 56 132/134 121/134 
R: ATGGATTCATTTCGTTCACA 
33 mEgCIR0773 
F: M13,GCAAAATTCAAAGAAAACTTA 
15 62 288/290 263/312 
R: CTGACAGTGCAGAAAATGTTATAGT 
34 mEgCIR3346 
F: M13,CTTCAAGGATTATGAAGTTA 
15 56 190/196 186/198 
R: ATTGTGTCGAGAGCTATGA 
35 mEgCIR0353 
F: M13,AGAGAGAGAGAGTGCGTATG 
16 59 106/110 110/114 
R: GTCCCTGTGGCTGCTGTTTC 
36 mEgCIR0782 
F: M13,CGTTCATCCCACCACCTTTC 
16 62 176/189 176/189 
R: GCTGCGAGGCCACTGATAC 
F: Forward primer; R: Reverse primer; M13: 5’,CACGACGTTGTAAAACGA C,3’;  
LG: Linkage group; Tm: Optimal annealing temperature 
* Monomorphic primer or highly distorted segregation for that population 
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 Large scale genotyping of the 768 and 769 populations were performed using the 
selected 36 polymorphic SSR markers. Figure 5.8 shows the gel electrophoresis profiles 
obtained using the mEgCIR2518 and mEgCIR0772 primers in which amplification is 
consistent for most genotypes, although the polymorphism is unresolved on the agarose 
system. Figure 5.9 shows examples of fragment size analysis of the mEgCIR2518 primer. 
The size of PCR products of SSR primers was noted through gel electrophoresis. This 
allowed four different primer pairs to be multiplexed for CEQ fragment analysis [Figure 
5.9 (a)]. Successful fingerprinting allows the recognition of heterozygous [Figure 5.9 
(b)], homozygous for allele A [Figure 5.9 (c)], and homozygous for allele B [Figure 5.9 
(d)] genotype of each sample.   
 It is important to note that samples 768/26, 768/27 and 768/29 were not amplified 
by the mEgCIR0772 primer pairs [Red arrow, Figure 5.8 (b)]. Primer mEgCIR2518 
amplified two alleles of 291 and 303 bp in all the samples of the 768 population, except 
for sample 768/29 which produced two alleles of 294 and 301 bp [Figure 5.9 (e)]. This 
difference was not detectable with a low resolution agarose gel electrophoresis [Red 
arrow, Figure 5.8 (a)].  
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(a) Multiplexed analysis of mEgCIR3809, mEgCIR2518, mEgCIR0446 and mEgCIR0772 
primers for sample 768/3. Upon amplification by mEgCIR2518 primer, (b) 768/2 was found to be 
heterozygous; (c) 768/3 was homozygous for allele 291 bp; (d) 768/45 was homozygous for allele 
303 bp; (e) 768/29, as an outlier, had two totally different alleles. 
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 Genotyping using all available markers revealed that samples 26, 27, 29 and 30 
from the 768 and sample 18 from the 769 controlled cross are outcrosses, corresponding 
with those identified by genotyping using DArT and SNP markers. They were found to 
have different alleles than the populations for the majority of the SSR primers tested. 
Outliers from the 768 controlled cross were successfully identified by 30 out of the 36 
SSR primers. Further inspection of SSR amplification profiles suggested that outlier 
samples 26, 27 and 29 from 768 cross were from the same (incorrect) controlled cross, 
while 768/30 was from another cross.  
 SSR fingerprinting of the 768 and 769 populations also revealed that 
mEgCIR2575, mEgCIR3526 and mEgCIR0906 primers are monomorphic in the 768 
population while mEgCIR0465 and mEgCIR2409 are monomorphic in the 769 
population. Highly distorted segregation patterns were also observed when the 769 
controlled cross was genotyped using the mEgCIR2215 and mEgCIR0230 primers. Only 
769/50 was found to be homozygous for allele 136 bp of the mEgCIR2215 primer while 
769/22 was the only heterozygous individual for primer EgCIR0230, suggesting that 
these primers are not truly polymorphic in the 769 controlled cross. Despite some of the 
SSR being monomorphic or having unusual segregation pattern, all 36 SSR markers were 
included for linkage analysis of markers and determination of segregation distortion 
using mapping software.  
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 The introduction of molecular markers in the early 1980s enabled unlimited 
detection and exploitation of DNA polymorphism at any chromosomal location. In the 
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field of plant studies, hybridization,based markers (such as RFLP) were the first 
developed and employed followed by amplification,based markers, for example RAPD, 
AFLP and SSR markers. Recent development of next,generation,sequencing (NGS) and 
microarray platforms has accelerated the generation of markers, such as SNP and DArT 
markers (Henry, 2013). Development of molecular markers allows construction of plant 
genetic maps that are fundamental for understanding the organization of plant genomes 
and for genetics study (Collard 
, 2005).  
 The objective of the present study is to develop and characterise both dominant 
DArT and co,dominant SNP markers from DArTSeq platform by genotyping two 
closely,related  self,pollinated 768 and 769 populations. This is the first report of 
genotyping oil palm crosses with the new DArTSeq platform. Meanwhile, the present 
study also reports the screening and characterisation of publicly available CIRAD SSR 
markers through genotyping of the two 768 and 769 populations. The polymorphic 
markers developed and characterised in this study would be used in the construction of 
dense genetic linkage maps of oil palm as reported in chapter 6.  
(  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 
 	 	 & 
 '# 	
 &'!%	
 Diversity Array Technology (DArT) is a relatively new marker system that was 
first reported in early 2000 (Jaccoud  
, 2001). This technique is based on genome 
complexity reduction using restriction endonucleases which are highly specific to their 
recognition sequence. Classical DArT provides a microarray hybridization,based high,
throughput whole,genome profiling platform for genotyping of hundreds to thousands of 
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polymorphic loci without any need for prior sequence information (Jaccoud 
,2001; 
Wenzl  
, 2004). The development of NGS techniques has also increased the 
discovery of markers, particularly SNP markers, in many plant species (Davey  
, 
2012).  
 The DArTSeq platform is the newest genotyping technology offered by DArT Pty 
Ltd in which the platform was developed based on the genome complexity reduction of 
the DArT array coupling with NGS enabling rapid SNP discovery alongside the 
generation of ‘classical’ DArT markers. The use of DArTSeq technology was first 
published by Sansaloni  
 in 2011 for a genetic mapping study of . This 
technology has also been applied to study the genetic diversity of oilseed crop 
 and related species by Cruz 
 (2013). 
 A crucial step in the Diversity Arrays Technology is the complexity reduction of 
genomic representations. Complexity reduction is a process which generates a defined 
fraction of genomic fragments reproducibly (Schouten  
, 2012). Numerous efforts 
have been put in to optimize genomic complexity reduction methods through 
combinations of restriction enzymes to maximize the number of polymorphic 
clones/markers (Jaccoud 
, 2001; Wenzl 
, 2004; Schouten 
, 2012; Cruz 

, 2013). The complexity reduction method used most often in DArT involves digestion 
with the rare methylation,sensitive 6 bp cutter, I, together with a frequent cutter, such 
as I,  !I, I or "I (Wenzl 
, 2004). The I/I combination is one of 
the routinely used enzyme combinations. As for sequencing,based DArT genotyping, a 
third restriction enzyme was introduced to eliminate a subset of the fragments (Sansaloni 
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
, 2011). In view of the importance of complexity reduction to the success of both 
DArT microarray and DArTSeq platform genotyping, it is therefore essential to check the 
quality of samples by prior restriction digestion to ensure that the samples were 
completely digested by restriction enzymes (Figure 5.2).   
 Genotyping of 106 progenies from the 768 and 769 populations generated 11,675 
DArTSeq markers, including 6,764 and 4,911 of DArT and SNP markers, respectively. 
The number of markers obtained in the present study is higher than that generated for 
 (Sansaloni  
, 2011). In , 2,835 polymorphic DArT and over 
1,500 SNP markers were obtained from the screening of a segregating population of 89 
individuals derived from an intra,specific cross. Diversity analysis of  
germplasm generated 27,748 markers from the DArTSeq platform (Cruz 
, 2013), far 
greater than the number of markers generated in the present study, probably due to the far 
broader survey of germplasm carried out in germplasm compared with the 
two controlled crosses of oil palm analysed here. 
 Several parameters were evaluated to determine the quality of the markers 
generated by DArT technology. One of them is call rate which is the percentage of 
definite “0” or “1” alleles, compared to ‘missing’ data. In the present study, an average 
call rate of 90% and 95% were attained for the DArT and SNP markers with 49% and 
78.9% of the markers having call rates of more than 90%, respectively. This call rate is 
better than the one published by Petroli 
 (2012) for his work on , in which 
they showed that only 36% of DArT markers had a call rate ≥ 90%. However, higher call 
rates have been observed in DArT study of various plant species such as apple (96.7%; 
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Schouten 
, 2012), olive (96.9%; Domínguez,García 
, 2012) and einkorn wheat 
(99.2%; Jing 
, 2009) using the classical DArT microarray methodology.  
 A call rate of ≥ 95%, equal to missing data ≤ 5%, was set to select both SNP and 
DArT markers for mapping of the 768 and 769 populations. Due to the small sample size 
of both populations, a more stringent selection criterion was applied to ensure mapping 
results were good with high quality data. Most mapping studies using the DArT platform 
did not set a high threshold of call rate for selecting markers, although this was based 
upon the original array method where far fewer markers were generated. Map 
construction of 91 olive seedlings derived from the cross of “Picual” x “Arbequina” was 
performed using DArT markers selected with quality parameter Q greater than 77 and 
call rate greater than 80 (Domínguez,García  
, 2012). Meanwhile, in two different 
genetic mapping exercises using an F1 hybrid from inter,specific cross of 
#$ and  have chosen DArT markers based on call rates ≥ 75% 
together with others parameters on reproducibility and Q score (Kumar Kullan  
, 
2012; Petroli 
, 2012).  Petroli 
 (2012) commented that marker call rates of ≥ 
75% would still yield good quality data for map construction hence this less stringent 
threshold was adopted to maximize the number of markers positioned on the linkage 
map.  
 In conclusion, it is believed that stringent marker selection criteria in the present 
study for genetic maps construction using the DArTSeq platform would produce high 
quality data. The high number of markers selected (more than 1,600 markers for both 
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populations) would facilitate satisfactory marker linkage and ordering analysis during the 
genetic linkage map construction.  
(  )		''*#
Microsatellites or SSR markers are the most widely applied class of molecular 
markers used in genetic studies. SSRs are tandem repeats of the DNA in the form of 
iterations of repeat units of 1,6 nucleotides (Ellegren, 2004).  
 SSR markers were first reported in oil palm by Billotte and his group in 2001. 
Billotte 
 (2001b) reported the development and characterisation of the first set of 21 
CIRAD SSR markers as well as their utility across oil palm species. The first 
microsatellite,based high,density oil palm linkage map was published in 2005 (Billotte 

, 2005) and followed by QTL analysis of important yield traits on a multi,parent 
linkage maps constructed solely based on SSR markers (Billotte  
, 2010). The 
Malaysian Palm Oil Board (MPOB), the biggest oil palm research institute in South East 
Asia, has also developed SSR markers, particularly through mining of EST databases 
(Singh 
, 2008, Ting 
, 2010).  
 Microsatellite markers have been extensively used for map construction due to 
their ubiquitous occurrence, multi,allelic nature, high levels of polymorphism, 
transferability between populations, easily automation and exchanged between 
laboratories. However, development of SSR markers requires high levels of expertise and 
the availability of sequence information; it is a tedious and cost intensive project (Kalia 

, 2011). Therefore in the present study, no development of SSR markers was involved 
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but rather SSR markers available in public database were screened. SSR markers, 
particularly those developed by CIRAD, were exploited as anchor loci in this first 
reported DArTSeq marker,based genetic linkage study of oil palm. The same set of 
CIRAD SSR markers, together with those isolated by FELDA and MPOB, were also 
utilized to construct the first genetic maps of FELDA oil palms (Seng 
, 2011). There 
is a widespread use of SSR markers as anchor loci and/or assigning linkage groups in the 
genetic mapping of other plant species using DArT markers, for example rapeseed 
(   L.; Raman  
, 2012), banana (" 
; Hippolyte  
, 
2010) and einkorn wheat (; Jing 
, 2009). 
 In the present study, the polymorphism of the SSR primer pairs was determined 
using CEQTM 8000 Genetic Analysis System (Beckman Coulter, USA), instead of 
agarose gel electrophoresis. A 3% agarose gel has been used by several researchers to 
screen for polymorphism of SSR markers with at least 20 bp difference in allele size 
(Beyene 
, 2005; Legesse 
, 2007; Ashkani 
, 2012). However, this resolution 
is too low for detection of allele differences in the present study given that the majority of 
SSR alleles had less than 20 bp difference between alleles, with the smallest only two bp 
difference. CEQTM 8000 Genetic Analysis System generates electropherograms peak 
profiles, allowing manual scoring of individual SSR product sizes. Although CEQTM 800 
contains an automated allele binning wizard, Nariman (2013) commented that visual 
inspection of fragment size is recommended to avoid mis,reporting of automated sizing 
caused by scoring stutters as consistent major peaks in automated scoring. Heterozygosity 
of individual progeny was also confirmed by direct comparison of their entire 
microsatellite profile with those of the parental alleles, with which the automated calling 
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system is unable to cope with changes in the relative peak height between alleles. Manual 
scoring allows an inspection of the shift in overall microsatellites “shape”, which is 
generally more informative than scoring individual peaks.  
 Manual scoring of SSR alleles was performed according to advice highlighted by 
Selkoe and Toonen (2006). The major potential scoring error that might be encountered 
was predominantly due to stutter peaks. During PCR amplification, some products are 
one, two, or three repeats short in sequence due to errors in PCR amplification and these 
show up in the electropherograms as evenly spaced peaks with decreasing height to the 
left of the true peak and are called stutter peaks [Figure 5.7 (d)]. Stutter peaks are of use 
to differentiate SSR alleles from non,specific products. However, scoring can be difficult 
or confusing when two alleles of the same primer with stutter peaks are only one repeat 
unit different in size. In this case, the second peak is higher than the first peak as 
overlapping of the first stutter peak of the larger allele with the true peak of smaller allele 
increases the signal intensity of the true peak of smaller allele [Figure 5.7 (e)]. 
Meanwhile, larger alleles usually have slightly shorter peaks than smaller alleles due to 
less efficient PCR amplification of longer repeat units. This was discerned in Figure 5.7 
(c) and (d) of the present study.  
 In order to reduce the cost of using fluorescently,labelled dyes, a three primers 
system (Schuelke, 2005) was utilized for the current SSR polymorphism screening, the 
same approach was adopted for the AFLP analysis using the LICOR electrophoresis 
system that were previously discussed in chapter 4. The cost of screening a large number 
of microsatellites and progeny in the present study was further reduced by multiplexing 
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PCR products of different SSR markers that showed size differences of at least 30 bp. 
Four SSR markers were pooled in the current study with all the primers being labelled 
with only the fluorescent blue dye D4.  The green dye D3 was used when the allele size 
of different microsatellites was similar (< 30 bp). The comparatively weak D2 black dye 
was avoided. Previously, Molosiwa (2012) reported the generation of false peaks due to 
colour bleed through when multiplexing different PCR products of similar size with D3 
green and D4 blue dyes. This was not observed in the present study. However to 
counteract the relatively weaker signal of D3 green dye, compared to D4 blue dye, the 
amount of PCR products labelled with D3 green dye was doubled or tripled when added 
to the mixture.  
 A total of 102 CIRAD SSR markers were screened in the present study and 36 
markers were found to be polymorphic in current mapping populations. This 
polymorphism level (35%) is much lower than the one identified by Seng 
 (2010) for 
a high yielding cross in FELDA oil palm breeding programme. In this exercise, Seng 

 screened 255 CIRAD SSR markers and 144 (56.5%) markers were mapped. This is 
most likely due to the  self,pollinated controlled crosses used in the present study 
having narrower origins, compared to $ x  cross of FELDA (Seng  
, 
2010). Different polymorphism levels were also detected when SSR markers were used 
together with DArT markers for genetic mapping of other plant species, namely 45.8% 
for banana (Hippolyte  
, 2010), 32.8% for einkorn wheat (Jing  
, 2009) and 
34.3% for hexaploid wheat (Semagn 
, 2006).  
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 Nevertheless, the 36 polymorphic CIRAD SSR markers were used in the genetic 
linkage map construction of the 768 and 769 populations together with the SNP and 
DArT markers generated from DArTSeq platform. These anchor SSR loci were used to 
assign and orientate linkage groups with reference to oil palm genetic maps published by 
Billotte 
 (2010). The construction of the genetic linkage maps is reported in chapter 
6. 
 In conclusion, this chapter reported the development of first set of DArTSeq 
markers in oil palm and characterization of a subset of more than 1600 high quality 
polymorphic DArTSeq marker. These SNP and DArT markers together with the 36 
polymorphic SSR markers were used in the construction of high density genetic linkage 
maps (chapter 6) as well as to identify markers closely linked with important agronomic 
traits, such as Shell,thickness gene () (Chapter 8) and yield traits (Chapter 7).     





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  	
	
	
 The development of a wide range of molecular markers that reveal differences 
at the DNA level has contributed to extensive genetic mapping in many species. 
Genetic mapping, also known as linkage mapping, is a process of assigning the 
available markers to different groups based on two#point analysis, ordering the markers 
along the linkage groups and determining the relative genetic distances between them 
on the basis of their recombination frequency. Genetic maps are the graphic 
representations of the arrangement of genes or markers on the chromosomes. 
Recombination events, the naturally#occurring “breaking and rejoining” of segments of 
chromosomes during meiosis, is the fundamental basis for construction of genetic maps 
(Grant and Shoemaker, 2001).  
 For orphan plants whose genomes are yet to be sequenced, genetic maps are 
vital for understanding the order and spacing of markers as well as the relative order to 
those of other plants through comparative mapping. A genetic map can also provide a 
scaffold for genome sequence assembly and validation. Most importantly, genetic maps 
underpin the study of key plants genes and quantitative trait loci which in turn 
facilitates marker#assisted selection in plant breeding programmes (Cheema and Dicks, 
2009).  Ultimately, breeding programmes depend upon the patterns of genetic 
recombination to produce the new combinations of trait genes for selection. 
 Oil palm genome mapping based on DNA markers began in late 1990s, and 
since then several genetic maps of oil palm have been constructed. RFLP was the first 
molecular marker developed for mapping in the human genome (Botstein 
, 1980) 
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and subsequently plant genomes (Bernatzky and Tanksley 1986; Weber and 
Helentjaris, 1989), including oil palm (Mayes 
, 1997). This first linkage map was 
constructed from 97 co#dominant RFLP loci which gave 24 linkage groups. Despite the 
reliability of RFLP markers, it is very tedious and costly to develop maps based on 
them; hence later genetic maps have utilised PCR#based molecular markers. The 
second genetic map of oil palm was constructed using RAPD markers (Moretzsohn 

, 2000). The first high density linkage map of oil palm was created by Billotte 

(2005) using SSR and AFLP markers. Since then SSR and AFLP markers have become 
the marker of choice for the construction of oil palm genetic linkage maps, with a 
contribution from other marker types (Singh 
, 2009; Billotte 
, 2010; Singh 

, 2010; Seng  
, 2011). The majority of the above mentioned genetic studies 
worked with controlled cross populations that segregated for the shell#thickness gene 
(), allowing screening for markers closely linked to this economically important trait. 
 The objective of this chapter is to construct the first genetic linkage map of oil 
palm using DArTSeq (DArT ‘Genotyping#by#sequencing’ generating DArT and SNP) 
and SSR markers. In chapter 5, DArT and SNP markers generated from the DArTSeq 
platform as well as SSR markers from the CIRAD public database were characterized, 
selected and discussed. These subsets of markers were subsequently used to generate 
genetic linkage maps for the 768 and 769 controlled cross populations, with SSR 
markers being the anchor markers for assigning linkage group identities to their 
putative linkage group, through reference to previously reported studies (Billotte 
, 
2005, 2010). This is the first study generating genetic linkage maps for Advanced 
Agriecological Research Sdn. Bhd. (AAR) breeding materials. The populations used in 
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this study are segregating for the fruit shell#thickness trait and thus the constructed 
maps could be of value to search for markers linked to the shell#thickness gene () as 
well as others economically important quantitative traits.   
  
	
 
 Two  self#pollinated F2 populations, 768 and 769, were used for the 
construction of two genetic linkage maps. Both the  parents, 228/05 and 228/06, 
were siblings from the same  x  cross. The 768 and 769 populations, 
consisting of 44 and 57 legitimate progenies, respectively, were genotyped with 
selected polymorphic SSR and DArTSeq markers as reported in chapter 5, and the 
marker scores were used for the construction of the genetic maps in the current study. 
The fruit variety of each progeny was determined phenotypically and scored as a 
morphological marker to allow mapping of the shell#thickness gene (). The JoinMap 
4.1 Software (Van Ooijen, 2006) was used to construct the genetic maps for the two F2 
segregating populations.  
  	
		

		

 It is important to firstly determine the linkage phases of the markers, either in 
coupling or repulsion. However, the  and  grandparents of both the 768 
and 769 controlled cross populations were no longer available in the field and hence 
there was no parental data available for phase determination. Because of this, both self#
pollinated populations were first analysed using a Cross Pollinator (CP) designation 
within JoinMap 4.1 and a genotype coding of <hkxhk>. Genotyping data of all markers 
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were converted as follows; for dominant DArT markers, presence of a defined allele 
was scored as “k#” with “hh” indicating the absence of an allele – the fully informative 
state. Both SSR and SNP are co#dominant markers in which genotyping data for two 
alleles (A and B) of each marker are available. The data were scored as “hh” for 
presence of allele A only, “hk” for presence of both allele A and B; and “kk” for 
presence of allele B only.  The locus designations used by Diversity Array Technology 
Ltd for DArT and SNPs generated were adopted with modification in this study. The 
first 4 universal digits (“1000”) were removed and a prefix “D.” or “S.” was added to 
indicate DArT or SNP, respectively.  
 Data for analysis were prepared according to the format given in the manual of 
JoinMap 4.1. The main file is a plain text , also known as a , 
can be prepared using a text editor program, such as . This  
contains the genotype codes for all the loci of a segregation population and has a 
sequential structure. The file contains four instructions as the header defines the name 
of the population, the type of the population, the number of loci and the number of 
individuals, followed by a data body that contains the genotype information of all loci 
for all individuals in the population. For this study, the population type was initially set 
to CP.  
  

		
 The CP  were loaded into the JoinMap 4.1 software for analysis. Before 
beginning mapping, coding data was checked for errors and highlighted errors were 
corrected where possible or data marked as missing. Segregation patterns and the 
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presence of any segregation distortion were calculated by the software. For each 
segregating marker, a chi#square goodness#of#fit analysis was performed to test for 
deviation from the expected segregation ratio, 1:3 for dominant DArT and 1:2:1 for co#
dominant SSR and SNP markers for significance #values of 0.05, 0.01, 0.005, 0.001, 
0.0005 and 0.0001. Markers with segregation distortion at <0.0005 significance level 
were excluded from further analysis.  
 Markers in both populations were grouped according to “independence LOD”. 
The groups were manually selected using thresholds from LOD 4#5 so as to ensure that 
the SSR loci that have been assigned to a particular chromosome in previously 
published genetic maps (Billotte  
, 2005, 2010) were in the same group, where 
possible. The phase of markers was then determined by the software within each 
linkage group, inferring phase for dominant markers from surrounding co#dominant 
markers. 
  ! 		 	  
 	 	 
  	
		"
 Once the phase was determined by the software, all markers in the linkage 
groups were collected into a new file and the genotyping data converted back for 
analysis as a “F2” population type. According to the JoinMap 4.1 manual, the genotype 
codes for F2 population type are as follows: 
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Code Description 
a Homozygote as the first parent 
b Homozygote as the second parent 
h Heterozygote (as the F1) 
c Not genotype a 
d Not genotype b 
# Genotype unknown 
The coding data was then converted as follows: 
For dominant DArT markers with phase (0,0), the conversion was as below: 
‘k#’ converted to ‘c’ 
‘hh’ converted to ‘a’ 
For dominant DArT marker with phase (1,1), the conversion was as below: 
‘k#’ converted to ‘d’ 
‘hh’ converted to ‘b’ 
For co#dominant SSR and SNP markers showing phase (0,0), they were converted as 
below:  
‘hh’ converted to ‘a’ 
‘kk’ converted to ‘b’ 
‘hk’ converted to ‘h’ 
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For co#dominant markers showing phase (1,1), they were converted as follows:  
‘hh’ converted to ‘b’ 
‘kk’ converted to ‘a’ 
‘hk’ converted to ‘h’ 
 The plain text  were prepared in the same way as described in section 
6.2.1, except that the population type was changed to F2.   
#  	
		
 Linkage groups of F2 populations were established using LOD scores from 4#
10. Linkage groups were assigned to chromosomes according to the known location of 
SSR markers in Billotte 
 (2005, 2010). For linkage groups that belong to the same 
chromosome but did not group, an attempt was made to combine groups using a lower 
LOD by preparing a new  only including the suspected fragments of the linkage 
groups marked by microsatellites from the same linkage group.  
Mapping of markers was performed using the regression mapping algorithm 
(Stam, 1993) at the default value of recombination frequency ≤ 0.4; LOD score ≥ 1; 
goodness#of#fit jump threshold = 5, ripple value = 1. Regression mapping builds the 
map by adding loci one by one, starting from the pair of loci with the most evidence for 
linkage (highest LOD). The best position of each subsequent locus is determined by 
comparing the goodness#of#fit of the calculated map for each tested position. The locus 
is removed when the goodness#of#fit decreased too sharply (the Chi#square score for 
the overall map increases by a jump of more than the set threshold of 5) or when the 
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locus give rise to negative distance estimates in the map. This process is continued until 
all loci are handled once and this becomes map 1. The order of the markers is fixed. In 
the second round, a new attempt was made to map all removed loci into the fixed order 
from map 1. Loci are removed when the jump was too large or negative distances are 
encountered. At the end of the second round, the mapping order is fixed and this 
becomes map 2. In the third round, all previously rejected markers are added to the map 
without constraints, giving rise to map 3. Therefore, map 3 often includes most markers 
but can be undesirable as it can contain potentially poor markers or those leading to 
potential conflicts with other markers. Haldane’s mapping function was used to convert 
recombination frequencies into map distances in units of centiMorgan (cM).  
   $ 
 Inheritance and segregation analysis of markers as well as the construction of 
two genetic maps for the two small closely#related controlled cross populations, 768 
and 769, are reported in this chapter.  A total of 1,704 markers, consisting of 36 SSR, 
948 DArT, 719 SNP markers and one morphological marker, the  gene, were 
selected for linkage mapping of the 768 controlled cross while 1,724 markers were 
selected for the 769 controlled cross population containing 36 SSR, 958 DArT, 729 
SNP markers and the  gene.  
   
		
 Segregation distortion was calculated using JoinMap 4.1 and several markers 
were found to be distorted at a significance level <0.05 (Table 6.1). Three and four 
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SSR markers were distorted at <0.005, respectively, for the 768 and 769 controlled 
cross populations and removed.  
T&'	
					()
(*		

			

%
	



'	
	
()		 (*		
%	
		

+		 %		
	

+		
,--. ,----. ,--. ,----.
''$ 1:2:1 36 6 (16.7%) 3 36 10 (27.8%) 4 
+/% 1:3 948 104 (11%) 2 958 99 (10.3%) 5 
'0! 1:2:1 719 53 (7.4%) 6 729 81 (11.1%) 11 
 1:2:1 1 # # 1 # # 
%	 1 1704 163 (9.6%) 11 1724 190 (11%) 20 
 
 The majority of the loci in both the 768 and 769 controlled crosses segregated in 
the expected Mendelian ratio of 1:2:1 for SSR and SNP markers or 1:3 for DArT 
markers. The 769 controlled cross was found to have more distorted SSR markers, ten 
as compared to six SSR for the 768 controlled cross at the 5% significance level. The 
percentage of segregation#deviated DArT markers was similar for both populations, 
10.3% and 11% of the total DArT markers. Both the 768 and 769 controlled crosses 
have 53 and 81 SNP markers, respectively, that showed segregation distortion at 
<0.05; a notably higher percentage for the 769 controlled cross. No significant 
deviation was found from the 1:2:1 segregation ratio expected for : :  
within each cross for the shell#thickness () major Mendelian gene. Overall, the 769 
controlled cross had more distorted markers, 190 compared to 163 markers for the 768 
controlled cross.  
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 Only markers showing very significant distortion (<0.005) were excluded from 
further mapping analysis. This included three SSR, two DArT and six SNP markers for 
the 768 controlled cross and four SSR, five DArT and eleven SNP markers for the 769 
controlled cross (Table 6.2). Therefore a total of 1,693 and 1,704 markers from the 768 
and 769 populations, respectively, were used for the further phase determination and 
linkage analysis of markers. 
 Meanwhile, analysis of individual progenies revealed that samples 768/34 and 
769/53 had the highest number of missing data for each family. Both 768/34 and 
769/53 had 118 and 153 missing data, respectively, which constituted 6.9% and 8.9% 
of the total polymorphic markers selected for each population.  
   !
	
		
 Due to the lack of parental data, the phase of segregating markers was 
determined by the JoinMap 4.1 software through an initial analysis of the population as 
a Cross Pollinator (CP), in which groupings of markers using LOD 4#5 produced 21 
linkage groups with 1,645 markers and 17 linkage groups with 1,690 markers for the 
768 and 769 controlled crosses, respectively. Those groups with only 1#2 markers were 
discarded and formed a total of 48 markers ungrouped in the 768 controlled cross and 
14 markers in the 769 controlled cross (Table 6.2). The majority of these ungrouped 
markers were dominant DArT markers. Linkage phase was then determined by the 
software for all markers within each and every linkage group.  
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T & ' 	  	 
  		 	 

%
()		
%	 23

 4	
 4
 %	

''$ 36 3 # # 33 
+/% 948 2 47 58 839 
'0! 719 6 1 32 682 
			 1 # # # 1 
%	 1704 11 48 90 1555 

%
(*		
%	 23

 4	
 4
 %	

''$ 36 4 # # 32 
+/% 958 5 14 103 836 
'0! 729 11 # 52 666 
			 1 # # # 1 
%	 1724 20 14 155 1535 
On the basis of the determined linkage phases, the two controlled crosses were 
reanalysed as F2 populations with the coding data of markers converted to the genotype 
codes for F2 populations. Grouping of markers using LOD 4#10 again produced 21 and 
17 linkage groups for the 768 and 769 mapping populations, respectively. Detailed 
inspection of the linkage groups generated by CP and F2 analyses revealed that the 
grouping of markers into linkage groups was the same for both analyses, indicating that 
marker conversion was successful. Linkage groups were then assigned to chromosomes 
using the known location of anchoring SSR markers in the reference genetic map 
published by Billotte 
 (2010). The results showed that a number of linkage groups 
were assigned to the common chromosomes. Separate analysis on these linkage groups 
showed that the combining of the groups could be achieved using lower LOD of 2.5 – 
3.9, as highlighted in Table 6.3.  Linkage group 8 of the 768 controlled cross was 
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observed to be fragmented into three different linkage groups and they were regrouped 
using LOD score of 2.8. Through this approach an initial set of 16 linkage groups were 
obtained for both the 768 and 769 populations.  
T &5+	6		
	



	
		
 ()		  (*		

	
5+
	
0	 	 	

		




5+
	
0	 	 	

	 	



 5.4 3 2 5.1 3 2 
 3.5* 3 2 5.4 3 2 
  4.6 3 2 6.9 3 2 
# 3.0* A#3; B#3 A#2; B#2 6.9 3 2 
.7  4.5 1 1 4.9 1 1 
 4.9 2 2 5.3 3 2 
( 4.3 3 2 8.3 3 2 
) 2.8* 3 2 4.3 3 2 
* 5.7 3 2 5.7 3 2 
- 2.5* A#3; B#3 A#2; B#2 4.5 A#3; B#3 A#2; B#2 
 4.9 3 2 5.4 3 2 
 4.5 3 2 3.7* 3 2 
 7. 4.8 3 2 10 3 2 
# 5.7 3 3 9.4 3 2 
. 4.5 3 2 6.3 3 2 
 6.6 2 2 8.8 3 2 
* Linkage groups that were combined separately using lower LOD scores. 
The regression algorithm available in the JoinMap 4.1 software was employed 
for map generation. This generated three rounds of mapping for the majority of the 
linkage groups in both populations. As map 3 involved removing the constraints which 
were in place for round 1 and 2, it was not accepted as the final version of the linkage 
group and round two maps (map 2) were selected instead (Table 6.3). All the markers 
in linkage group (LG) 5, the smallest linkage group, were ordered into the map during 
the first round of mapping (Map 1). For LG 6 and 16 of the 768 controlled cross, all the 
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“jumped markers” from Map 1 could be added into Map 2 without a need to relax the 
criteria and hence Map 2 were selected to assemble the linkage map of the 768 
population.   At the end of linkage mapping, a total of 103 DArT and 52 SNP markers 
were unmapped from the linkage groups of the 769 controlled cross, greater than the 
number of markers that were removed from the 768 controlled cross, 58 DArT and 32 
SNP markers only (Table 6.2). 
LG 10 was divided into A and B, although these two parts can be grouped at 
LOD of 2.5 and 4.5, for the 768 and 769 controlled cross, respectively. Interestingly, 
part B of the 768 controlled cross achieved a high LOD of 3.7 when linked to LG 11. 
Therefore, this portion of markers was regarded as part B of LG 10 tentatively in this 
project. Map generation for LG 10 using the regression algorithm failed while mapping 
using the maximum likelihood algorithm resulted in undesirably large gaps between the 
groups in the map (data not shown). In view of the problems encountered, LG 10 was 
analysed as 2 separate groups of LG 10A and 10B for both populations and maps were 
generated separately with unknown orientation. The same combining problem using the 
regression algorithm was also observed on LG 4 of the 768 controlled cross. 
Orientation of the maps of LG 4A and 4B in the 768 controlled cross was determined 
using the map of LG 4 of the 769 controlled cross as a reference and the framework 
microsatellites.  
In summary, this study generated 18 and 17 linkage groups for mapping 
populations 768 and 769, respectively. These linkage groups were combined together 
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into 16 independent linkage groups, which corresponded well to the 16 homologous 
chromosome pairs of oil palm.  
    2			   
Figures 6.1 and 6.2 present the genetic maps generated for the 768 and 769 
controlled#cross populations, respectively, and Table 6.4 and 6.5 summarize the 
characteristics of each linkage group. No polymorphic SSR markers were successfully 
identified for linkage groups 5 and 13. Therefore the identity of linkage groups without 
SSR marker cannot be confirmed and the 2 linkage groups were named as 5/13 and 
13/5.   
   
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	
The genetic linkage map of the 768 controlled cross contains 1,555 polymorphic 
marker loci (33 SSR, 839 DArT, 682 SNP and the  locus) assigned into 18 linkage 
groups with 15#158 markers per group, with an average of 86.4 markers per group. The 
map spanned 1,874.81 cM with an average length of 104.16 cM per group and an 
average marker density of one marker every 1.33 cM. The linkage map of the 769 
controlled cross was produced using 1,535 markers (32 SSR, 836 DArT, 666 SNP and 
allele ) distributed on 17 linkage groups with 6#226 markers per group, giving an 
average of 90.3 markers per group. This genetic map has a total map length of 1,720.61 
cM giving an average length of 101.21 cM per group and an average of one marker for 
every 1.62 cM. The genetic maps constructed for both the 768 and 769 controlled 
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crosses have comparable genome coverage, average map length and average marker 
density.  
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 & 8   	  () 		The map consists of 1,555 
markers loci (33 SSR, 839 DArT, 682 SNP and  locus). Marker names are shown to the right 
of each LG, with map distances in centiMorgans (Haldane units) to the left. D: DArT marker, 
S: SNP marker, mEgCIR: 
 SSR marker. *: Skewed markers at = 0.1, **: Skewed 
markers at = 0.05, ***: Skewed markers at = 0.01, ****: Skewed markers at = 0.005, 
*****: Skewed markers at = 0.001. 
	
   
233 
 
 
	
   
234 
 

	
   
235 
 

	
   
236 
 

	
   
237 
 

	
   
238 
 

	
   
239 
 

	
   
240 
 

	
   
241 
 

	
   
242 
 


" & 8   	  (* 		The map consists of 1,535 
markers loci (32 SSR, 836 DArT, 666 SNP and  locus). Marker names are shown to the right 
of each LG, with map distances in centiMorgans (Haldane units) to the left. D: DArT marker, 
S: SNP marker, mEgCIR: 
 SSR marker. *: Skewed markers at = 0.1, **: Skewed 
markers at = 0.05, ***: Skewed markers at = 0.01, ****: Skewed markers at = 0.005, 
*****: Skewed markers at = 0.001. 
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(). 
	 % ''$ +/% '0! '+9:;  /+
 158 3 87 68 11 (7%) 161.38 1.03 
 89 4 44 41 12 (13.5%) 114.93 1.31 
  45 2 30 13 7 (15.6%) 72.73 1.65 
#/ 59 0 31 27 1 (1.7%) 81.91 1.41 
#< 158 1 77 80 3 (1.8%) 171.20 1.09 
.7  15 0 11 4 0 32.23 2.30 
 55 2 39 14 11 (20%) 103.50 1.92 
( 67 2 40 25 2 (3%) 86.65 1.31 
) 145 2 86 57 28 (19.3%) 176.66 1.23 
* 96 2 33 61 0 105.46 1.11 
-/ 122 2 67 53 3 (2.5%) 126.58 1.05 
-< 48 0 29 19 0 62.53 1.33 
 76 2 55 19 4 (5.3%) 62.09 0.83 
 95 2 43 50 4 (4.2%) 142.13 1.51 
 7. 53 0 21 32 0 75.66 1.45 
# 122 2 63 57 10 (8.2%) 129.49 1.07 
. 70 5 47 18 3 (4.3%) 103.99 1.51 
 82 2 36 44 0 65.69 0.81 
%	 ...    ) * ) **9#:; )(#) 1
 86.39 1.83 46.61 37.89 5.5 (6.4%) 104.16 1.33 
 15 0 11 4 0 32.23 0.81 
3 158 5 87 80 28 (19.3%) 176.66 2.30 
TM = Total number of markers for each linkage group 
SD (%) = Number of markers that have significant segregation distortion at <0.05 
level and percentage as compared to the total number of markers in the group 
ML = Map length in centiMorgans (cM) 
AMD = Average marker density in cM 





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(*. 
	 % ''$ +/% '0! '+9:;  /+
 157 3 88 66 28  (17.8%) 143.12 0.92 
 86 4 41 41 10 (11.6%) 100.12 1.18 
  55 2 40 13 4 (7.3%) 62.82 1.16 
# 226 2 123 100 4 (1.8%) 187.11 0.83 
.7  6 0 3 3 0 42.23 8.45 
 77 2 54 21 6 (7.8%) 111.04 1.46 
( 66 2 37 27 11 (16.7%) 85.58 1.32 
) 151 2 96 53 19 (12.6%) 153.18 1.02 
* 89 2 33 54 6 (6.7%) 103.26 1.17 
-/ 123 2 65 56 5 (4.1%) 129.62 1.06 
-< 44 0 29 15 14 (31.8%) 56.40 1.31 
 51 2 30 19 1 (2%) 79.97 1.6 
 100 2 49 49 1 (1%) 144.96 1.46 
 7. 65 0 30 35 9 (13.8%) 49.75 0.78 
# 113 2 53 58 17 (15%) 85.74 0.77 
. 56 3 38 15 1 (1.8%) 91.91 1.67 
 70 2 27 41 1 (1.4%) 93.80 1.36 
%	 . .   )    (9)*:; (- 1
 90.29 1.88 49.18 39.18 8.1 (9%) 101.21 1.62 
 6 0 3 3 0 42.23 0.77 
3 226 4 123 100 28 (17.8%) 187.11 8.45 
TM = Total number of markers for each linkage group 
SD (%) = Number of markers that have significant segregation distortion at <0.05 
level and percentage as compared to total number of markers in the group 
ML = Map length in centiMorgans (cM) 
AMD = Average marker density in cM 
   
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 Markers were well distributed over all the linkage groups with various numbers 
of DArT and SNP markers mapped into individual chromosome linkage groups. The 
linkage groups formed were found to have similar number of markers in both the 768 
and 769 controlled crosses, except for linkage groups 3, 5/13, 6, 11, 13/5 and 15 (Table 
6.4). The largest linkage group was LG 4 with a map length of around 200 cM and the 
	
   
245 
 
highest numbers of DArT and SNP markers; whereas LG 5/13 had the lowest number 
of molecular markers, shortest map length and lowest marker density for both mapping 
populations.  
 Map distance between two consecutive markers of the 768 population varied 
from 0 to 15.4 cM with only 57 out of the 1,536 intervals (3.7%) more than 5 cM apart. 
The largest gaps were observed on LG 13 between DArT markers D.22679 and 
D.08221, a gap of 15.4 cM in distance.  LG 6 has the highest number of intervals with 
gaps larger than 10 cM, three gaps in total, with distances of 12.9, 12 and 10.4 cM, 
respectively. Further analysis of the 768 maps showed that several intervals with gaps 
more than 5 cM were located at the terminal end of linkage groups, for example LG 5 
(10.5 cM), LG 10B (6.5 cM), LG 15 (5.5 cM)  and both terminals of LG 4B (12.2 and 
11.5 cM). Interestingly, the first seven markers at the top terminal end of LG 4B have 
large intervals gaps of between 7.4#12.2 cM. 
 Compared to the 768 population, 769 has fewer intervals with gaps greater than 
5 cM, only 36 out of the 1,518 intervals in the map (2.4%). Despite that, the two largest 
intervals between markers were 20 and 16.7 cM in distance and located on LGs 11 and 
12, respectively. Again, several intervals with greater map distances were detected at 
the terminal ends of linkage groups, including LG 1 (12.6 cM), LG 5 (11.7 and 6.8 cM 
for both ends, respectively), LG 16 (9.2 cM), LG 10A (7.2 cM) and LG 15 (5.8 cM). 
The smallest linkage group, LG 5, constituting only six markers, had the lowest average 
marker density of 8.45 cM with map distances ranging from 3.4 to13.6 cM. 
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 During the development of the linkage groups, the same molecular markers 
were found to be grouped into the same linkage groups between the 768 and 769 
controlled crosses. There was some variation in the final map order of these markers 
within each genetic linkage group, but further analysis is needed to confirm whether 
these are a true reflection of underlying differences in genetic order, or an effect of 
limited population size and noise within the dataset.   
    '	
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 A total of 99 and 137 skewed markers were mapped into the final genetic maps 
of the 768 and 769 controlled crosses, respectively, representing 6.4% and 8.9% of total 
mapped loci. The 99 distorted markers in the 768 controlled cross were 64 DArT 
(64.6%), 32 SNP (32.3%) and 3 SSR (3%) whereas the 769 controlled cross had 80 
DArT (58.4%), 51 SNP (37.2%) and 6 SSR (4.4%) displaying significant segregation 
distortion (<0.01).  
Distorted markers were not evenly distributed across linkage groups. LG 6 and 
8 of the 768 controlled cross and LG 10B and 1 of the 769 controlled cross were the 
two groups with the highest numbers of markers displaying strong allelic frequency 
distortion within each controlled cross. They contained 20% (11/55), 19% (28/145), 
32% (14/44) and 18% (28/157) of skewed markers, respectively. In contrast, five 
linkage groups of the 768 controlled cross do not contain any segregation distorted 
markers; these are LG 5/13, 9, 10B, 13/5 and 16. The 769 map had only one linkage 
group, LG 5/13, with no marker alleles exhibiting frequencies skewed from their 
Mendelian expectations. 
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 Distorted markers were quite diffuse within several linkage group while some 
of the linkage groups displayed clustering of segregation#distorted markers, as might be 
expected from genuine genetic effects (being aware of that markers closely mapping to 
a distorted marker are also likely to be distorted). This arrangement is more apparent 
for linkage groups that have the highest number of markers with significant segregation 
distortion. Four linkage groups of the 769 controlled cross showed regions of strong 
allelic frequency distortion, including LG 1, 7, 8 and 10B. Distorted markers of LG 1 of 
the 769 controlled cross were observed to be distributed into 2 clusters, 12 out of 16 
markers from map distances 97.51 to 118.6 cM and 9 out of 13 markers from distance 
123.29 to 143.12 cM were significantly distorted. It was also found that 8 out of 9 
markers within a short map distance of 8.91 cM (33.16 – 42.07 cM) in LG 8 displayed 
strong allelic frequency distortion. For LG 7 and 10B, 10 and 12 distorted markers were 
located within a map distance of 12.67 cM (47.66 to 60.33 cM) and 16.17 cM (40.23 to 
56.40 cM), respectively. 
 The 768 controlled cross had three linkage groups with minor regions of 
segregation distortion, LG 2, 6 and 8. Skewed markers were located at a different 
region of LG 8 of the 768 controlled cross, compared to the 769 controlled cross. These 
13 distorted markers were located at map distances of 69.33 to 86.53 cM. Meanwhile, 
clustering of markers with significant segregation distortion was located at map 
distances 48.49 # 70.97 cM and 34.59 # 64.36 cM of LG 2 and 6, respectively.  

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#  +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	
 Genetic linkage maps are fundamental tools in plant genetic research for 
understanding the biological basis of complex traits and dissecting genetic determinants 
underlying the expression of agronomically important traits. This could facilitate 
marker#assisted selection in breeding programmes in the short term and gene isolation 
through map#based positional cloning in the long term (Semagn 
, 2006b; Wu 

, 2008). Therefore this chapter reports the construction of the first genetic linkage 
maps using AAR breeding materials and the DArTSeq method in oil palm. This is 
useful for the isolation of markers closely linked with the shell#thickness gene as well 
as other economically important quantitative traits.  
#  		
		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 Choice of mapping population is one of the most critical criteria in the 
construction of genetic linkage maps (Collard  
, 2005). Oil palm being an out#
breeding species with a long generation cycle and large planting area requirements is 
particularly difficult to attain suitable mapping population sizes. In addition, most oil 
palm breeding programmes focus on the assessment of small cross numbers to identify 
the best families in the trial, rather than individual crosses. In this project, populations 
derived from the self#pollination of  palms were employed as mapping 
populations. The use of self#pollinated  palms was also reported by Mayes 
 
(1997) and Singh  
 (2010). These controlled self#pollinated populations are 
segregating for the shell#thickness trait, the trait of interest in the present study. Other 
researchers have used different mapping populations, for example  x 
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(Moretzsohn  
, 2000),  x  (Billotte  
, 2005) and  x  
(Seng  
, 2011). An interspecific cross of   and  
 palm was also used as a mapping population (Singh 
, 2009).  
 The large size of oil palm and family#focused breeding approach has rendered 
limited numbers of crosses available for mapping exercises with sufficient offspring per 
cross. Most breeding trials have plot sizes of 10#20 palms planted in 3#6 replicates at 
most (Soh 
, 1990), thus only 40#120 palms are available per cross. For this project, 
49 and 59 palms were available from the self#pollinations of the 228/05 and 228/06 
 palms, respectively, from the populations 768 and 769. The population size of 
these crosses is considered small as compared to the 98 palms of self#pollination of 
 A137/30 (Mayes  
, 1997) or 192 palms of T128  self#pollinated 
(Singh  
, 2010). Population sizes of 50#250 individuals are sufficient for genetic 
mapping studies; however, larger populations are essential for high#resolution mapping 
and in turn the low numbers affect the power of QTL detection (Mohan 
, 1997). 
Liu (1998) reported that confidence levels of a detected QTL in a genetic map declined 
from 90% to 60% when the population size decreased from 100 to 50 individuals, 
indicating that power for detecting QTL as well as the accuracy of the mapping can be 
effected.   
In order to increase the power of QTL analysis, two genetically#related crosses, 
768 and 769, were selected as the mapping populations in this study. Their  self#
pollinated parents, 228/05 and 228/06, are full#sibs derived from the same cross of 
 and . Therefore these two parents together with their progenies share 
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similar genetic backgrounds which might enable combination of traits of interest to 
increase the significance of detected QTL.  
#  !
	
 Phase determination of markers, either in coupling or repulsion, is essential 
prior to map construction. According to Singh  
 (2010), a high degree of 
heterozygosity can be expected in the oil palm genome due to its out#breeding nature. 
Progenies derived from self#pollinated palms are expected to behave like an F2 
population. The  and grandparents are no longer available in the field, so 
it was not possible to determine the phases of markers for the current mapping 
populations. Similar problems were encountered by Singh 
 (2010). To overcome 
this limitation, they performed their mapping by first analysing the self#pollinated 
population as a Cross Pollinator (CP) in which linkage phase of markers was 
determined by the JoinMap software automatically after loci were grouped. The phases 
of markers were then converted to the F2 coding and map construction was performed 
with the self#pollinated populations as F2 populations. The linkage mapping reported in 
this chapter was performed following protocol of Singh  
 (2010). The same 
numbers of linkage groups were obtained and markers were grouped similarly for both 
CP and F2 phases, indicating that phase conversion of markers was performed 
successfully in the present study.  
 During the preliminary stage of mapping, some groups had insufficient linkage 
when analysed with regression mapping, while mapping using maximum likelihood 
algorithm gave rise to a map with a gap of 10,000 cM between two distant groups of 
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markers, indicating repulsion between these two groups of markers on the same 
chromosome, due to incorrect marker phase. Where this occurred, the problem was 
resolved by reversing the genotypes codes of one of the linkage group from (a, c) to (b, 
d) or  as has been reported by Nariman (2013) for a segregating F2 population 
of Bambara groundnut ( ).
#   		 
 Preliminary linkage mapping in the present study identified 21 and 17 linkage 
groups for the 768 and 769 controlled crosses, respectively, a greater number than the 
16 haploid chromosomes of oil palm (Maria  
, 1995). This could be due to the 
relatively small sample size of the F2 progenies used in this study. Another possible 
reason could be several areas of the genome remained undetected with the current set of 
selected molecular markers, due to lack of markers located in those regions or due to 
lack of polymorphism. The latter might occur if there were regions of the genome 
which were identical by descent in the parent. Singh 
 (2009) also constructed 21 
linkage groups from an interspecific cross for QTL analysis of fatty acid compositions 
in oil palm and a number of published maps for oil palm have indicated that there may 
be genetic effects leading to breaks in the expected linkage groups. Many mapping 
studies have emphasized the need for a large number of markers and/or mapping 
populations to reduce the linkage group numbers to haploid chromosome numbers and 
increase map accuracy (Sharma  
, 2002; Crane and Crane, 2005; Semagn  
, 
2006). In fact, preliminary mapping of the 768 and 769 controlled crosses using a 
smaller subset of DArT and SNP markers selected under very stringent criteria 
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produced 24 and 20 linkage groups, respectively (data not shown). The inclusion of 
more markers to present study successfully reduced the number of linkage groups for 
both mapping populations, although still more than the haploid chromosomes number. 
The lack of polymorphic markers in particular chromosomal regions could be due to 
the marker systems employed in the present study, as stringent criteria were used to 
screen and select DArT and SNP markers for map construction. For examples, pre#
screening and exclusion of highly skewed markers could have potentially eliminated 
regions of high segregation distortion, leading to no markers bridging region of lower 
segregation distortion. Selection of more markers using relaxed criteria could be useful 
to reduce the linkage group numbers to haploid chromosomes number. Increasing the 
number of SSR markers could also be of useful and the use of multiple marker systems 
can complement each other (Adawy 
, 2005). Besides, the larger population size of 
the 769 population (57 palms) as compared to the 768 population (44 palms) might 
contribute to the lower number of linkage groups obtained, 17 linkage group for the 
769 as opposed to 21 linkage groups in the 768 population. 
Mayes  
 (1997) also commented that using a LOD score of 4 is likely to 
fragment potentially genuine associations. This is also illustrated by the fact that 
different linkage groups from the same chromosomes can be linked when lower LOD 
scores were used (Table 6.3), for example LG 8 of the 768 population were fragmented 
into three groups under LOD 4 and were regrouped at LOD 2.8 while the two groups of 
markers from LG 12 of the 769 population were regrouped at LOD 3.7. To some extent 
this is a consequence of the difficulty of separating large numbers of markers on the 
basis of a single LOD score, with interaction across groups or noise within datasets 
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leading to high LODs fragmenting groups. Nevertheless, the possibility that more 
markers were needed for these particular chromosomal regions cannot be ruled out.  
 In this project, SSR markers from Billotte 
 (2010) were used as anchoring 
loci to allow two or more linkage groups that belong to the same chromosome to be 
combined and remapped, bringing the linkage groups nearer to the expected 16 
independent groups in both the 768 and 769 mapping populations; the same number as 
basic chromosome set of oil palm. This approach is not uncommon for mapping studies 
reported in other plant species (Chetelat 
, 2000; Song 
, 2005; Loridon 
, 
2005; Semagn 
, 2006). In rye, a total of 43 linkage groups were initially generated 
from 1,965 DArT markers, with 367 DArT and 20 SSR markers as anchor loci, these 
linkage groups were reassembled into 7 larger linkage groups representing rye 
chromosomes (Bolibok#Bragoszewska  
, 2009). In the present study, the use of 
SSR markers with known map locations facilitates the assignment of linkage groups to 
previous published groups and the determination of the orientation of linkage group 
relative to the reference map. A similar approach was used in rapeseed by Raman 
 
(2012) and in Brassica by Wang 
 (2011). 
 LG 4A and 4B in the 768 population were not mapped into the same linkage 
group as in the 769 population, most likely due to the relatively smaller population size 
of the 768 controlled cross or potentially due to a genetic effect, possibly a 
translocation, rather than a problem in the methodology. The same applies to LG 10A 
and 10B in which both parts were linked when a LOD score of 2.5 was used for the 768 
population, while a higher LOD score of 3.7 was achieved when part B was linked with 
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LG 11. During the preliminary genetic linkage mapping of both populations using 
stringently selected sets of markers, LG 10B was observed to be linked with LG 15 at a 
much lower LOD score of 1.6 and 2.7 for the 768 and 769 populations, respectively. It 
is anticipated that increasing population size and/or number of markers will improve 
the mapping of both regions of chromosomes.  
 In the present study, no polymorphic CIRAD SSR markers were identified for 
LG 5, 13 and one terminal end of LG 4, where shell#thickness gene is located. This is 
not surprising as CIRAD SSR markers were only mapped into 14 linkage groups of the 
genetic maps of FELDA’s breeding material (Seng  
, 2011). The author 
commented that the lack of complete congruence is due to the very different genetic 
backgrounds of the planting materials used. 
##  	
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 Three different mapping studies of oil palm have successfully generated 16 
linkage groups. Among them, the first was published by CIRAD group (Billote 
, 
2005) using a  x  cross. This map contains 944 markers, including 255 
SSR, 688 AFLP and the  allele, with a total map length of 1,743 cM, average 
chromosome length of 109 cM and the average marker density of one marker every 1.8 
cM. The  T128 self#pollinated mapping population from MPOB was used to 
constructed another linkage map consisting of 351 AFLP, 124 RFLP, 17 SSR, 23 SNP 
and the  trait, a total of 516 markers (Singh 
, 2010). The total length of this map 
is 1,599.5 cM with an average chromosome length of 100 cM and marker density of 
one every 3 cM. More recently, FELDA, the biggest o
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Malaysia published a genetic linkage map for its high yielding Deli x Yangambi cross 
(Seng 
, 2011). This integrated map was generated from 479 loci (331 SSR, 142 
AFLP and 6 PCR#RFLP). The total map length was 2,247.5 cM with an average length 
of 137 cM and a marker density of 4.7 cM. 
 In comparison, the genetic map constructed in this study for 768, an F2 
population, integrated 33 SSR, 839 DArT, 683 SNP and the  allele. This map 
spanned over 1,874.81 cM with an average linkage group length of 104.16 cM and the 
average marker density was one marker per 1.33 cM. On the other hand, the genetic 
map of the 769 population was constructed from 32 SSR, 836 DArT, 666 SNP and the 
 allele with a total map length of  1,720.61 cM, an average group length of 101.21 
cM and an average marker density of one marker every 1.61 cM. In general, genetic 
maps generated in the present project are larger than the map of MPOB, comparable to 
CIRAD but shorter than FELDA’s. The present study achieved a greater overall marker 
density compared to the other three previously published mapping projects. The 
observed differences in length and marker densities for different oil palm genetic 
linkage maps are expected to be due to differences in recombination frequencies owing 
to mapping population type and size, marker systems employed, and/or the algorithms 
and mapping functions used to compute genetic distances (Jing  
, 2009). For 
instance, Billotte  
 (2005) used Kosambi’s mapping function, whereas Haldane’s 
mapping function was employed in the present study. The Kosambi mapping function 
assumes recombination events influence the occurrence of adjacent recombination 
events (interference) while the Haldane mapping function assumes no interference 
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between crossover events, thus maps generated using the Qosambi mapping function 
are shorter than those from Haldane (Collard 
, 2005). 
 The genetic maps constructed using the 768 and 769 populations shared a 
number of similarities in terms of grouping of markers in the same linkage groups, 
location of markers in terms of chromosomes position (telomere vs centromere), total 
length of map, average map length and average marker density. This is likely to be due 
to the full#sibs background of their respective 228/05 and 228/06 parents. However, 
differences in marker order among these two genetic maps were observed. These 
differences are expected to be due to genetic differences between the two full#sibs 
parents, although perturbation of the mapping algorithms by missing data or differences 
in population size/data quality could also have an influence on the final map orders. 
Each of the siblings will receive different sets of genetic materials from the maternal 
 and paternal  grandparent palms and there will be regions between the 
two populations where the alleles inherited are completely different. Emma  
 
(2009) reported that differences in local recombination frequencies between 
populations can affect marker ordering between maps. Genetic mapping only gives an 
indication of the relative positions of the markers to each other which is influenced by 
the recombination frequencies and hence population size, with accurate local order of 
markers only achieved with very large populations (Sourdille  
, 2004). Despite 
relatively small sample sizes of progenies used, this study managed to produce 16 
independent linkage groups with high genome coverage and marker density with the 
large number of markers mapped.  
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 Comparison of SSR markers mapped in FELDA’s linkage map (Seng  
, 
2011) and the present study revealed that markers grouping were inconsistent in places. 
Both FELDA’s map and maps generated from the present study shared 22 CIRAD SSR 
markers. Linkage group assignment of half of these shared SSR markers agreed 
between the maps. For example mEgCIR2215 and mEgCIR3683 in LG 2 and 
mEgCIR3592 and mEgCIR3592 in LG 9 of present study were found to be located at 
LG VIII and VII of FELDA’s map, respectively. However, discrepancy was observed 
for the other half of the shared SSR markers. Marker mEgCIR3788 in LG 1 and 
mEgCIR3477 in LG 4 were located at LG V of FELDA’s map. Marker mEgCIR3826 
and mEgCIR0446 in LG 10 of the present study were separated into two linkage groups 
in FELDA’s map, LG XII and XVI, respectively. Assignment of SSR markers in the 
present study was in accordance to CIRAD map but not with the FELDA map.  
Despite the high marker density attained in the present study, large gaps were 
observed between adjacent markers in both the 768 and 769 genetic linkage maps. 
Large gaps were also reported in other oil palm mapping studies (Billotte 
, 2005; 
Billotte 
, 2010; Seng 
, 2011). The two largest intervals of FELDA’s genetic 
map were reported to be 26.9 cM in group III and 25.6 cM in group IX (Seng 
, 
2011) whereas the two largest gaps of the first microsatellite#based high density oil 
palm map published by CIRAD were 18 and 14 cM on LG 9 and 12, respectively 
(Billotte  
, 2005). Regions of low marker density have previously been reported, 
even on the ultra#dense genetic linkage map with >10,000 loci constructed from a 
heterozygous diploid potato population (van Os 
, 2006) in which a gap spanning 
14 and 20 cM was found on linkage group VIII of the maternal and paternal parental 
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maps. The authors postulated that this could be either due to recombination hot spots or 
could also indicate fixation (homozygosity) of the potato genome in that particular 
region. Castiglioni 
 (1999) also commented that large gaps observed between loci 
could be due to homozygosity of the genome studied or the non#uniform distribution of 
recombination events as reflected by the mapping algorithm.  
In the present study, several of the large intervals were located at the terminal 
regions of the linkage groups. Similar observations were found within both oil palm 
genetic maps published by the CIRAD research group (Billotte 
, 2005; Billotte 

, 2010). Studies on maize have revealed that the most severe recombination 
suppression occurred in centromeric regions with the recombination frequencies of 
telomeric region up to 100 times higher than centromeric regions (Farkhari  
, 
2011). Occurrence of large marker intervals at the terminal region of the linkage groups 
could be due to non#uniform recombination frequencies or common descent of the 
regions.  
There were no intervals greater than 25 cM in any of the linkage groups 
between the two maps in the present study, indicating that the maps are relatively 
homogeneous with regards to marker distribution and is likely to have good coverage 
of the genome (Singh 
, 2009; Seng 
, 2011). These two maps provide a useful 
resource for the search and tagging of traits of economic importance.   


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 Segregation distortion is defined as the deviation of the observed genotype 
frequencies from their expected Mendelian segregation ratios. It is reported that the 
occurrence of segregation distortion is very likely in a population of an out#crossing 
crop suffering from inbreeding depression due to several cycles of self#pollination 
(Bolibok#Bragoszewska 
, 2009).  
 Segregation distortion has been previously reported in others oil palm studies. 
The level of markers distortion (9.6% and 11% for the 768 and 769 populations, 
respectively) observed in the present study is slightly higher than the one published by 
Billotte  
 (2005) but lower than the one reported by Singh  
 (2009) at 21%. 
This segregation distortion was also very much lower than that which has been 
observed in other crops, for example 43.8% and 20.4% for wheat (Jing  
, 2009; 
Semagn  
, 2006), 42% for tomato (Truong  
, 2010), and 36.7% for rye 
(Bolibok#Bragoszewska 
, 2009).  
Regions of LG 8 of the first microsatellite#based CIRAD genetic maps (Billotte 

, 2005) were noticed to contain clusters of skewed markers. Similar observations 
were obtained in the present study although distorted markers were found on different 
regions of LG 8 of the 768 and 769 genetic maps (Figure 6.2 and 6.3). Markers 
deviating from the expected segregation ratio may be attributed to linkage with closely 
positioned genes subject to direct selection or displaying lethal alleles, particularly 
when they were located in a common region of the genome, in this case LG 8 (Billotte 

, 2005; Truong 
, 2010). Examples are segregation distortion in  spp. 
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caused by a lethal allele affecting embryo development (Bradshaw and Stettler, 1994) 
and segregation of markers co#segregating with the Melampsora resistance gene 
showed significant deviation (Cervera  
, 2001). Truong  
 (2010) suggested 
including distorted markers in the mapping process to avoid missing parts of the 
linkage groups. Most importantly, it has been confirmed that segregation distortion 
does not affect the quality of mapping results, both with simulated (Hackett and 
Broadfoot, 2003) and experimental data (Sharopova  
, 2002; Bolibok#
Bragoszewska  
, 2009). In the present study, distorted markers were mapped, 
except those markers with very significant segregation distortion (at <0.0005) which 
were excluded from the mapping process. Therefore, 6.4% and 8.9% of distorted 
markers were mapped in the 768 and 769 populations, respectively.  
In conclusion, the present study reported the first high density DArT# and SNP#
based genetic maps for both the 768 and 769 populations using the new DArTSeq 
platform with SSR markers from public database (Billotte 
, 2010) as anchor loci. 
The genetic maps generated contain 16 independent linkage groups, corresponding well 
to the 16 homologous chromosome pairs of oil palm. These maps will be useful for the 
analysis of qualitative and quantitative traits of interest in oil palm. 
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 Quantitative characters are a common feature of genetic variation in nature, in 
which traits do not fall into discrete classes but show a continuous range of variation in a 
population, often with a more or less normal distribution. Many of the commercially 
important traits in crop plants, such as plant yield and height, exhibit quantitative 
inheritance. Genetic variation underlying quantitative traits results from segregation of 
numerous quantitative trait loci (QTL), each explaining a portion of the total variation, 
and whose expression is modified by interactions with other genes and by the 
environment (Paran and Zamir, 2003).   
 The term “Quantitative Trait Loci” (QTL) was first coined by Gelderman (1975) 
as a region of the genome that is associated with an effect on a quantitative trait. Using 
molecular markers, QTLs can be described by their chromosomal location, dosage effect, 
phenotypic effect(s) and sensitivity to the environment (Paterson , 1991). One can 
employ powerful statistical methods to determine likelihood intervals for the locations of 
QTLs by comparing the alleles inherited at a locus with the average trait value of 
individuals clustered by the allele version that they carry (Semagn , 2010). 
 QTL mapping of oil palm was first reported by Rance   (2001) in which 
QTLs associated with vegetative and yield components were detected and mapped. 
Billotte   (2010) performed and tested a QTL analysis designed for multi4parent 
linkage mapping for traits including fruit yield and its components and measures of 
vegetative growth. By mapping and analysis in an interspecies cross of x 
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Singh  (2009) and Montoya  (2013) published QTL mappings for 
fatty acid composition. The latest QTL mapping publication in oil palm by Ting   
(2013) identified QTLs associated with callogenesis and embryogenesis of oil palm tissue 
culture process. All the work reported above represents important developments towards 
the application of marker4assisted selection (MAS) in oil palm breeding programmes.  
 This chapter reports an initial analysis of QTLs associated with fruit yield and its 
components as well as measures of vegetative growth in the 768 and 769 populations by 
using the high density DArT4 and SNP4 based genetic linkage maps reported in chapter 6. 
In view of the small population sizes available in the present study, QTL analysis on two 
closely4related F2 segregating populations would allow us to make a comparison and 
possibly combine any potential QTLs identified in both populations. This is the first QTL 
mapping study reported on AAR breeding materials. The ultimate objective of mapping 
QTLs in commercial populations is to utilize molecular breeding strategies such as 
marker4assisted selection (MAS).  
  
	
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 As for chapter 5 and 6, closely4related  self4pollinated 768 and 769 
populations were used in the present study for QTL mapping analysis.  
  	
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 Phenotypic data for 21 yield and vegetative traits were available for both the 768 
and 769 segregating F2 populations.  Fruit yield and its components, bunch number and 
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bunch weight, were individually recorded over two periods: an immature period from 345 
years after planting and a mature period from 6410 years after planting. The physical 
bunch components were recorded at random intervals over 5413 years after planting for 
the  and  palms (as  palms are female infertile). Vegetative growth 
measurements were made for the surviving palms at 10 years old.  
  	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
 All statistical analyses were performed using Genstat 15
th
 Software (VSN 
International). The range and distribution of the quantitative data was tested by the 
normality test of Shapiro4Wilk with an α threshold of 5% (Shapiro and Wilk, 1965). 
Traits showing non4normal distribution were test4transformed using various 
transformation approaches (power, log or square root) followed by retesting to determine 
whether the transformed trait was normally distributed.   
 All trait data were also explored to determine the significance of the shell4
thickness genotype on the measures of quantitative traits using non parametric Mann4
Whitney  (Mann and Whitney, 1947) or Kruskal4Wallis (Kruskal and Wallis, 1952) test 
for the two or three fruit types, respectively. If significant differences were detected for a 
given trait, the individual phenotypic data for the  fruits were corrected based on 
those of  fruits by a mean correction as follows: 
Durastandardized data = Duraraw + (Teneramean – Duramean) 
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 The relationships between phenotypic traits, at individual palm level, were 
estimated by calculating the Spearman rank4order correlation coefficients (Spearman, 
1904). 
  		
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 QTL analysis using the constructed genetic linkage maps and all available 
genotypic and phenotypic data was performed using MapQTL
®
6 software (Van Ooijen, 
2009) for both the 768 and 769 populations. Prior to QTL analysis, a framework genetic 
map was constructed from the high density DArT and SNP genetic linkage maps 
generated in Chapter 6. Markers with missing data and/or double recombination events 
were removed one by one and construction of the genetic map was repeated until a 
framework map of one marker every 5410 cM for each linkage group was obtained. By 
generating a framework map with highest quality spaced markers, any conflicts within 
the dataset can be resolved and more confidence in the genetic order of markers used to 
evaluate the quantitative traits gained. 
 Just like JoinMap, MapQTL uses plain text file to load data to be analysed. Three 
types of data files are required for QTL analysis:  
1)  (also called ): contains the genotype codes of all the loci of 
a segregating population. This file has the same format as the one used in JoinMap for 
the construction of genetic linkage map.  
  : contains the map positions of all loci after generation of the genetic linkage 
map. Map positions are important in interval mapping as they are used to calculate 
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recombination frequencies which are necessary for calculation of likelihood. Whereas 
the non4parametric Kruskal4Wallis quantitative trait analysis method in MapQTL 
analyses the loci one by one, with map positions used to sort the loci, but not 
imparting any additional information. The  does not contain any header and 
starts with the group number. Loci and their map position must be given in ascending 
order on the subsequent lines. Figure 7.1 shows an example of . 
 
F"$	%&		
	
	 !"
3) 
! (also called "): contains the data of quantitative traits of 
all individuals and has a sequential structure. The file contains three instructions at 
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the header; follow by names of the traits and data body that contains the information 
of each trait for all the individuals (Figure 7.2). The syntax of the three header 
instructions are as follow: 
ntrt =  NTRT 
nind = NIND 
miss = MISS 
where NTRT and NIND are the number of traits and individuals, respectively, and 
MISS is the missing value indicator, in this case “ * ”.  NIND must be equal to the 
value of NIND in the corresponding  
 
F"$		
'	%&		
		 !"
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(  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 As a first step, the non4parametric Kruskal4Wallis (K4W) test was performed for 
all normally and non4normally distributed traits to identify significant marker4trait 
associations at <0.005. 
 Non4parametric mapping makes no assumption of the probability distribution(s) 
of quantitative traits; hence it is suitable for analysis of both normally and non4normally 
distributed quantitative traits. The K4W test is regarded as the non4parametric equivalent 
of one4way analysis of variance. The test ranks all individuals according to the 
quantitative trait, while it classifies them according to their marker genotype. A 
segregating QTL (with big effect) linked closely to the tested marker will result in large 
differences in average rank of the marker genotype classes. A test statistic based on the 
ranks of the genotype classes is calculated. For individuals in ties, i.e. several individuals 
have equal values of the quantitative trait, the average rank (mid4rank) is used, while for 
the test the statistic adjusted for ties is used (indicated by K*) (Lehmann, 1975).  
 The K4W statistic (K*) is distributed as a chi4square distribution in which the 
degree of freedom is the number of genotype classes minus one and the significance level 
(4value) is indicated in asterisks (* = 0.1, ** = 0.05, *** = 0.01, **** = 0.005, ***** = 
0.001, ****** = 0.0005, ******* = 0.0001).   

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( "-.
 A so4called QTL likelihood map or profile is calculated in interval mapping (IM), 
meaning that for each position on the genome (say every centiMorgan) the likelihood for 
the presence of a segregating QTL is determined (the likelihood under the alternative 
hypothesis, N1). This likelihood (H1) is compared to the likelihood for the situation when 
a locus with zero genetic effects would segregate, i.e. there is no QTL (the null 
hypothesis, N0). This comparison is done with a likelihood ratio statistic called the LOD 
(or LOD score).  
 For all normally distributed trait data in the present study, IM was performed 
using a LOD statistic test with a mapping step size of 1 cM and a maximum number of 
five neighboring markers being considered. Framework maps with one marker every 5410 
cM were used as the map file for the interval mapping. Estimates of QTL position were 
obtained at the point where the LOD score assumes its maximum. For each trait, the 
genome wide empirical LOD thresholds for QTL detection (<0.05) was estimated using 
a permutation test (PT) of 10,000 iterations of the trait data. In the present study, LOD 
score ≥3 are presented as a potential/indicative QTL whereas a LOD score ≥ the 
significant threshold value was used to declare a QTL as significant. The confidence 
interval of each QTL was determined by a one LOD decrease on each side of the LOD 
peak, representing around a 90% confidence interval.  
 Luo  (2003) and Xu (2003) proposed a correction method to correct the bias 
in overestimation of phenotypic variances associated with identified QTL using limited 
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population sizes and this formula was adopted by Montoya   (2013) and in the 
present study.  
 The variance explained by an identified QTL is, as estimated by MapQTL, 
% variance explained = 100 (σ a 
2/σp 
2
) 
where σa 
2 
is the genetic variance due to additive effect and σp 
2 
is the phenotypic 
variance. 
 The corrected variance explained by this identified QTL was re4estimated as: 
% Corrected variance explained = 100 (σ a
 2/σp
 2
) [14 1/(2Ln(10) x LOD)] 
        = 100 (σ a
 2/σp
 2
) [14 1/(4.605 x LOD)]  
where LOD is the LOD value of the identified QTL.  
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  /
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 Quantitative traits were divided into three categories, namely production, bunch 
components and vegetative growth traits. Table 7.1, 7.2 and 7.3 illustrate the mean, 
variances, percentage coefficient of variation (CV), maximum value, minimum value and 
results of the test for normality for all fruit types, ,  and , respectively, 
for the 21 phenotypic traits collected from both the 768 and 769 controlled crosses. In 
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general, quantitative traits were observed to have higher CVs in the 768 controlled cross 
as opposed to the 769 controlled cross. Production traits of both controlled crosses were 
associated with CVs between 19.94% to 67.98% while CVs of vegetative growth traits 
were in the range of 7.93% to 23.57%, indicating a higher degree of variation in both 
populations for production traits.  Indeed, the majority of  palms in both 
controlled crosses are affected by female infertility with no or mininal fruit being borne, 
contributing to the substantial lower mean value in all production traits, as compared to 
 and  palms. As expected, extremely high variation was observed for the 
  trait (#$) accounted for CVs of 88.71% and 110.30% for the 768 and 769 
populations, respectively, due to the distinctive shell4thickness for all three fruit types.  
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1 Average bunch number/palm/year 
at 345 years 
Bno3_5 768 Total 10.27 42.42 63.45 0.00 21.00 0.9225** 
 13.87 21.39 33.35 5.33 21.00 
% 12.21 15.99 32.76 7.00 18.33 
  & 1.42 5.74 168.30 0.00 6.67   
769 Total 13.08 20.96 35.01 1.00 21.00 0.9705ns 
 14.65 9.31 20.83 7.00 19.67 
% 14.19 35.47 41.96 1.00 21.00 
        & 8.18 7.46 33.39 2.33 12.00   
2 Fresh fruit bunch yield/palm/year at 
345 years (kg/palm/year) 
FFB3_5 768 Total 29.05 390.10 67.98 0.00 60.07 0.9275** 
 39.21 229.47 38.63 11.10 59.43 
% 35.15 189.30 39.14 14.50 60.07 
  & 3.37 34.03 173.00 0.00 17.68   
769 Total 52.20 579.11 46.10 5.07 105.78 0.9824ns 
 62.21 344.08 29.82 27.63 105.78 
% 57.09 524.17 40.10 5.07 82.62 
        & 23.05 121.29 47.79 5.48 43.68   
3 Average bunch weight at 345 years 
(kg) 
Bwt3_5 768 Total 2.52 1.16 42.71 0.00 4.47 0.9260** 
 2.85 0.66 28.43 1.45 4.47 
% 2.87 0.45 23.26 1.99 4.25 
  & 1.51 1.70 86.40 0.00 3.60   
769 Total 3.87 0.83 23.53 1.60 6.22 0.9850ns 
 4.21 0.48 16.53 3.13 6.22 
% 4.16 0.40 15.23 3.33 5.50 
        & 2.75 0.50 25.69 1.60 3.78   
4 Average bunch number/palm/year 
at 6410 years 
Bno6_10 768 Total 13.78 59.51 55.99 0.00 28.80 0.8897** 
 17.34 26.02 29.42 7.00 28.80 
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% 17.51 12.21 19.96 11.40 25.20 
  & 2.89 17.97 146.60 0.00 14.60   
769 Total 13.92 35.15 42.60 0.40 23.80 0.9141** 
 16.58 6.61 15.51 11.60 21.80 
% 16.90 15.37 23.20 11.60 23.80 
        & 4.63 11.74 73.99 0.40 10.60   
5 Fresh fruit bunch yield/palm/year at 
6410 years (kg/palm/year) 
FFB6_10 768 Total 86.57 2712.00 60.15 0.00 171.48 0.8749** 
 106.81 1190.00 32.30 32.86 153.78 
% 116.76 879.95 25.41 51.78 171.48 
  & 14.10 562.90 562.90 0.00 82.78   
769 Total 127.04 3331.91 45.44 2.44 213.72 0.8740** 
 157.85 638.25 16.00 115.30 213.72 
% 147.61 728.03 18.28 83.50 177.82 
        & 32.21 536.86 71.93 2.44 59.92   
6 Average bunch weight at 6410 
years (kg) 
Bwt6_10 768 Total 5.80 3.74 33.32 0.00 9.53 0.9304* 
 6.15 1.85 22.11 4.23 8.86 
% 6.69 1.82 20.14 4.52 9.53 
  & 4.13 6.04 59.53 0.00 7.33   
769 Total 8.87 3.13 19.94 4.07 12.41 0.9816ns 
 9.60 1.50 12.78 6.41 12.41 
% 8.93 3.00 19.40 6.58 12.34 
        & 7.03 2.87 24.11 4.07 9.92   
a
 Percentage of coefficients of variation 
b
 Level of significance corresponding to * <0.05 and ** <0.01,  not significant 

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1 Average fruit weight (g) Fwt 768 Total 11.27 5.88 21.52 6.51 16.99 0.9414ns 
 10.04 2.27 15.02 6.51 13.70 
  % 13.61 4.45 15.50 11.14 16.99   
769 Total 11.06 3.39 16.66 7.77 15.11 0.9671ns 
 10.79 2.86 15.69 7.77 14.79 
        % 12.73 4.16 16.02 9.67 15.11   
2 Fruit to bunch ratio (%) FB 768 Total 64.81 37.53 9.45 53.41 73.52 0.9465ns 
 63.13 36.39 9.56 53.41 72.98 
  % 68.00 26.73 7.60 58.44 73.52   
769 Total 61.14 30.14 8.98 47.01 72.46 0.9729ns 
 60.48 29.45 8.97 47.01 72.46 
        % 65.22 18.71 6.63 60.10 70.02   
3 
Kernel to fruit ratio (%) 
KF 768 Total 5.13 3.07 34.16 2.39 9.68 0.9408ns 
 5.03 3.43 36.85 2.78 9.68 
  % 5.33 2.63 30.43 2.39 7.40   
769 Total 5.13 1.31 22.28 2.79 9.21 0.9142** 
 5.22 1.42 22.81 2.79 9.21 
        % 4.63 0.46 14.69 3.50 5.34   
4 Shell to fruit ratio (%) SF 768 Total 15.37 185.97 88.71 3.59 37.82 0.7077** 
 5.76 1.47 21.01 3.59 8.22 
  % 33.63 10.42 9.60 29.63 37.82   
769 Total 9.64 113.15 110.30 2.26 41.31 0.5670** 
 5.67 4.06 35.56 2.26 12.50 
        % 34.26 79.70 26.06 18.75 41.31   
5 Mesocarp to fruit ratio (%) MF 768 Total 79.50 195.66 17.60 55.98 93.63 0.7729** 
 89.21 8.66 3.30 82.10 93.63 
  % 61.04 13.88 6.10 55.98 67.13   
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769 Total 85.23 112.34 12.44 53.99 94.95 0.6336** 
 89.11 7.92 3.16 80.70 94.95 
        % 61.11 79.48 14.59 53.99 76.50   
6 Oil to dry mesocarp ratio (%) ODM 768 Total 79.20 4.95 2.81 72.60 82.00 0.8591** 
 79.08 4.67 2.73 72.60 82.00 
  % 79.44 5.94 3.07 73.27 81.55   
769 Total 77.27 3.27 2.34 73.97 81.55 0.9753ns 
 77.11 2.96 2.23 73.97 81.25 
        % 78.25 5.03 2.87 76.00 81.55   
7 Dry to wet mesocarp ratio (%) DWM 768 Total 69.69 17.30 5.97 63.10 78.30 0.9576ns 
 67.66 7.76 4.12 63.10 73.20 
  % 73.55 13.04 4.91 67.30 78.30   
769 Total 64.36 26.58 8.01 50.80 75.90 0.9890ns 
 63.62 23.88 7.68 50.80 71.33 
        % 68.90 23.50 7.04 63.70 75.90   
8 Oil to wet mesocarp ratio (%) OWM 768 Total 55.23 14.37 6.86 49.83 63.57 0.9520ns 
 53.54 6.61 4.80 49.83 58.56 
  % 58.45 14.00 6.40 51.21 63.57   
769 Total 49.80 23.53 9.74 37.57 61.90 0.9847ns 
 49.13 20.89 20.89 37.57 57.59 
        % 53.96 24.08 9.09 49.69 61.90   
9 Oil to bunch ratio (%) OB 768 Total 28.12 15.87 14.17 18.85 34.52 0.9694ns 
 30.12 7.13 8.87 25.01 34.52 
  % 24.31 10.53 13.35 18.85 29.38   
769 Total 25.81 17.02 15.99 17.31 32.54 0.9670ns 
 26.49 13.75 14.00 18.86 32.54 
        % 21.58 19.87 20.65 17.31 28.57   
a
 Percentage of coefficients of variation 
b
 Level of significance corresponding to * <0.05 and ** <0.01,  not significant 
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1 
Average frond length of frond 17 
(cm)  
FL 768 Total 506.80 1900.00 8.60 430.00 580.00 0.9612ns 
 498.60 1595.00 8.01 430.00 570.00 
% 512.50 2606.00 9.96 430.00 580.00 
  & 514.91 1762.89 8.15 458.00 580.00   
769 Total 481.85 1472.00 7.93 365.00 570.00 0.9762ns 
 488.90 1143.00 6.91 432.00 570.00 
% 474.20 348.00 3.94 450.00 515.00 
        & 480.90 3897.00 12.98 365.00 542.00   
2 
Average frond dry weight of frond 
17 (kg) 
FDW 768 Total 2.83 0.34 20.52 1.86 4.23 0.9661ns 
 2.56 0.20 17.56 1.86 3.54 
% 2.64 0.12 12.90 2.10 3.27 
  & 3.55 0.17 11.69 2.88 4.23   
769 Total 2.97 0.49 23.57 1.96 5.53 0.9264** 
 2.87 0.27 18.13 1.99 3.94 
% 2.67 0.29 20.19 1.96 3.55 
        & 3.59 0.95 27.10 2.40 5.53   
3 Average frond area of frond 17 (m
2
) FA 768 Total 13.23 3.92 14.96 8.53 16.39 0.9592ns 
 12.98 3.05 13.45 8.53 15.44 
% 13.44 4.08 15.04 9.33 16.39 
  & 13.44 5.91 18.08 9.59 15.96   
769 Total 15.94 6.60 16.11 10.68 20.99 0.9772ns 
 16.01 6.40 15.81 10.68 20.90 
% 15.27 7.96 18.48 11.63 20.99 
        & 16.48 6.30 15.23 12.45 19.99   
4 Number of green fronds GF 768 Total 38.98 22.35 12.13 30.00 49.00 0.9807ns 
 38.00 13.05 9.51 31.00 45.00 
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% 37.08 26.74 13.95 30.00 45.00 
  & 43.00 14.80 8.95 37.00 49.00   
769 Total 41.27 20.80 11.05 34.00 53.00 0.9536* 
 40.23 14.12 9.34 34.00 51.00 
% 41.55 29.67 13.11 34.00 51.00 
        & 44.10 24.54 11.23 38.00 53.00   
5 Leaf area index  LAI 768 Total 7.11 1.76 18.69 4.61 9.50 0.9642ns 
 6.78 0.94 14.32 4.71 8.31 
% 6.92 2.87 24.46 4.61 9.50 
  & 7.91 1.39 14.91 5.95 9.25   
769 Total 9.03 2.14 16.20 6.19 13.81 0.9712ns 
 8.83 1.61 14.37 6.19 10.99 
% 8.69 2.39 17.78 6.35 11.88 
        & 9.98 2.77 16.67 8.02 13.81   
6 Stem height (cm) Nt 768 Total 229.20 2516.00 21.88 159.00 355.00 0.9386* 
 207.20 844.90 14.03 159.00 275.00 
% 222.40 2876.00 24.11 160.00 350.00 
  & 277.27 2193.00 16.89 210.00 355.00   
769 Total 265.00 2489.00 18.82 187.00 415.00 0.9290** 
 247.70 1137.00 13.62 187.00 345.00 
% 258.20 2653.00 19.95 195.00 396.00 
        & 314.10 2789.00 16.82 210.00 415.00   
a
 Percentage of coefficients of variation 
b
 Level of significance corresponding to * <0.05 and ** <0.01,  not significant 

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1 Average bunch number/palm/year at 345 years Bno3_5 768 13.21 19.38 33.32 5.33 21.00 0.9423ns 
  769 14.52 15.82 27.39 1.00 21.00 0.9421* 
2 Fresh fruit bunch yield/palm/year at 345 years 
(kg/palm/year) 
FFB3_5 768 37.61 211.30 38.65 11.10 60.07 0.9570ns 
  769 60.81 387.50 32.37 5.07 105.80 0.9905ns 
3 Average bunch weight at 345 years (kg) Bwt3_5 768 2.86 0.56 26.12 1.45 4.47 0.9781ns 
  769 4.20 0.45 16.02 3.13 6.22 0.9688ns 
4 Average bunch number/palm/year at 6410 
years 
Bno6_10 768 17.41 20.03 25.71 7.00 28.80 0.9273* 
  769 16.66 8.72 17.72 11.60 23.80 0.9791ns 
5 Fresh fruit bunch yield/palm/year at 6410 
years (kg/palm/year) 
FFB6_10 768 110.70 1061.00 29.42 32.86 171.50 0.8946** 
  769 155.10 667.70 16.66 83.50 213.70 0.9868ns 
6 Average bunch weight at 6410 years (kg) Bwt6_10 768 6.36 1.85 21.38 4.23 9.53 0.9617ns 
  
 769 9.42 1.94 14.80 6.41 12.41 0.9844ns 
a
 Percentage of coefficients of variation 
b
 Level of significance corresponding to * <0.05 and ** <0.01,  not significant 
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1 Average frond dry weight of frond 17 (kg) FDW 768 2.59 0.17 15.68 1.86 3.54 0.9815ns 
    769 2.81 0.28 18.67 1.96 3.94 0.9714ns 
2 Number of green fronds GF 768 37.64 17.99 11.27 30.00 45.00 0.9655ns 
    769 40.59 18.00 10.45 34.00 51.00 0.9556ns 
3 Stem height (cm) Nt 768 213.20 1637.00 18.98 159.00 350.00 0.9145* 
    769 250.50 1521.00 15.57 187.00 396.00 0.9135** 
a
 Percentage of coefficients of variation 
b
 Level of significance corresponding to * <0.05 and ** <0.01,  not significant 
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768 Bno6_10 Not successful 4 4 4 4 4 4 
FFB6_10 Power of 2 13290 41989106 48.76 1080 29405 0.9434ns 
SF Not successful 4 4 4 4 4 4 
MF Not successful 4 4 4 4 4 4 
ODM Not successful 4 4 4 4 4 4 
  Nt Square root 14.54 1.79 9.21 12.61 18.71 0.9414ns 
769 Bno3_5 Power of 2 226.4 10570 45.42 1 441 0.9892ns 
KF Square root 5.13 1.31 22.28 2.79 9.21 0.9433ns 
SF Not successful 4 4 4 4 4 4 
MF Not successful 4 4 4 4 4 4 
  Nt Log (base 10) 2.39 0.004 2.663 2.272 2.598 0.9652ns 
a
 Percentage of coefficients of variation  
b 
 not significant 
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 The results also indicated that all the production traits of the 768 population as 
well as the !'( and ' at 6410 years after planting 
()*+,- and $$)*+,-) of the 769 population deviated significantly from a normal 
distribution at <0.05 (Table 7.1). As for individual bunch components,  and 
ratios (#$ and $) of both populations were found to be none normally 
distributed, as were  (.% ) of the 768 and / 
(0$) of the 769 population (Table 7.2). # at the 9th year after planting (1) of 
both populations is also deviated from a normal distribution (Table 7.3). Non4normal 
distribution data were also observed for two additional vegetative traits of the 769 
population, ( ($%2) and ' (3$).  
 In view of the female sterility characteristic of  palms which is believed to 
have affected the distribution of the production traits, all  individuals were 
excluded from further analysis and descriptive trait analyses were repeated (Table 7.4). 
& palms were eliminated from both populations for all production traits so that 
each trait was consistently described between the two populations. Upon removal of 
 palms, repetition of the Shapiro4Wilk normality test showed that the production 
traits were normally distributed at an α4threshold of 5%, except for trait )*+,- and 
$$)*+,- of the 768 and )4+5 of the 769 population. Using the same criteria, 
individual  palms were also removed from vegetative traits $%2, 3$ and 1 
(Table 7.5). Both $%2 and 3$ traits of the 768 and 769 populations were normally 
distributed, but 1 was not.     
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  Various transformation methods were tested on traits showing non4normal 
distribution to transform data into a normal distribution. # (1) of the 768 and 
0$ of the 769 populations were successfully transformed into normal distributions using 
square roots while the production traits $$)*+,- of the 768 and )4+5 of the 769 
populations were transformed using power of two (Table 7.6). Figure 7.3 illustrates an 
example of the residual plot before and after transformation. As seen in Figure 7.3, the 
histogram before transformation was bell4shaped with a long left tail that was changed 
into a better fit after transformation with the normal plot of actual residual against 
expected value was in an approximate straight line after transformation, indicating the 
transformed )4+5 trait of the 769 population was normally distributed and had an 
equal distribution of residuals. Nevertheless, several traits could not be transformed to 
normal distribution despite numerous attempts. These traits include bunch components 
#$ and $ of both populations and .%  and )*+,- of the 768.  
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 Given the distinctive characteristic of oil palm fruit types, it is essential to 
examine the effect of the # gene on phenotypic traits and to eliminate this major gene 
effect that could cause bias in the QTL search results. Indeed, a non4parametric 
equivalent of the 4test,  2 U test, showed significant mean differences 
between  and  fruits for most bunch component traits, except 0$ and .% , at 
the 5% limit (Table 7.7). The remaining production and vegetative growth traits were not 
dependent on the fruit type. The result obtained in the two F2 populations was largely 
consistent, except for ' ($)), ( (%2 ) and 
( (.2 ), in which significant differences (<0.05) were detected in 
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the 768 but not the 769 controlled cross. The individual phenotypic data of traits with 
significant differences between fruit types were corrected as mentioned in section 7.2.2.  
To maintain the consistency within each trait, $), %2  and .2  of the 769 controlled 
cross were also corrected. 
T $ 0!	 	   "  	 1 	 
!!
 # %& %2
&
  
Bno3_5 , % 0.311ns 0.682ns 
FFB3_5 , % 0.439ns 0.825ns 
Bwt3_5 , % 0.906ns 0.781ns 
Bno6_10 , % 0.657ns 0.984ns 
FFB6_10 , % 0.598ns 0.458ns 
Bwt6_10 , % 0.221ns 0.204ns 
)
Fwt , % <0.001** 0.041* 
FB , % 0.040* 0.066ns 
KF , % 0.286ns 0.282ns 
SF , % <0.001** <0.001** 
MF , % <0.001** <0.001** 
ODM , % 0.383ns 0.307ns 
DWM , % <0.001** 0.053ns 
OWM , % 0.001** 0.082ns 
OB , % <0.001** 0.016* 
6!(
FL Tenera, %, & 0.478ns 0.280ns 
FDW , % 0.573ns 0.355ns 
FA Tenera, %, & 0.641ns 0.540ns 
GF , % 0.616ns 0.480ns 
LAI Tenera, %, & 0.084ns 0.128ns 
Nt , % 0.630ns 0.626ns 
Level of significance corresponding to * <0.05 and ** <0.01,  not significant 
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 The Gaussian distribution of traits was checked with a normality test, Shapiro4
Wilk, after correction (Table 7.8). The distribution of all normally distributed traits was 
maintained after means correction. Two of the non4normal traits of the 768 controlled 
cross, #$ and  $, turned into normal distributions after correction while the same traits 
in the 769 and .%  of the 768 were still significantly non4normally distributed at 
<0.05.  
T&$)	!		!	!		
 %& %2
Fwt 0.9814ns 0.9784ns 
FB 0.9630ns 0.9800ns 
SF 0.9774ns 0.7809** 
MF 0.9577ns 0.8712** 
DWM 0.9687ns 0.9728ns 
OWM 0.9659ns 0.9824ns 
OB 0.9719ns 0.9576ns 
Level of significance corresponding to * <0.05 and ** <0.01,  not significant 
 5			1
 Phenotypic correlations between quantitative production, bunch components and 
vegetative growth traits were computed for both the 768 and 769 populations at the 
individual palm level and significant Spearman rank4order correlations between 
individual traits (<0.05) are presented in tables 7.9 and 7.10, respectively.   
	
	 $ For both the 768 and 769 populations, a significant positive 
correlation(<0.05) was found for the same production traits, ), $$) and )(, between 
immature (345 years) and mature (6410 years) phases as well as a positive and significant 
correlation (<0.01) between $$)with its respective ) and )( components. )(4+5 
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and )(*+,- of the 768 population showed significant positive correlations (<0.05) 
with bunch components 0$, #$ and negative correlations with  $, .% , .2 . In 
contrast, )(4+5 and )(*+,- of the 769 population were positively correlated with 
vegetative growth traits $ and $%2instead.  
Bh 	!	$Both populations shared similar a trend of correlations between 
bunch components traits. The highest positive correlation was observed between %2  
and .2  while the highest negative correlation was between #$ and  $ traits. 0$ was 
positively correlated with #$ while negatively correlated with  $. .) exhibited 
significant positive correlations (<0.01) with .2 , %2 and $).  
4" "	8 $ Significant positive correlations (<0.01) were exhibited 
between $ and $%2 as well as 78 and $7 of both the 768 and 769 populations. 
Additionally, 78 of the 769 population was positively correlated with $ and $%2.  
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


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T2$!+'	
			8

		%&		
 ;	<9 ##;<9 ;8<9 ;	%<= ##;%<= ;8%<= #8 #; *# # # >0 0, >, >; #  #0, #3 ?#  3
;	<9
                    
##;<9 =&@@
                   
;8<9 0.052 =99@@
                  
;	%<= 0.404* 0.393* 0.108 
                 
##;%<= 0.315 =9=@@ =9&=@@ =9%(@@
                
;8%<= 40.075 0.320 =(@@ 40.026 =%%(@@
               
#8 0.088 40.048 40.252 0.130 40.004 40.174 
              
#; 0.093 0.165 0.212 0.019 0.047 0.247 40.098 
             
*# 40.006 0.182 0.468* 40.405* 0.036 =9(@@ '=99=@@ 0.466* 
            
# 0.183 0.445* =%%=@@ 0.031 0.398* 0.403* 40.218 0.365 0.3922* 
           
# 40.135 40.445* '=@@ 0.196 40.257 '=9@@ 0.394* 40.455* '=@@ '=&&%@@
          
>0 40.007 40.345 '=%(%@@ 0.159 40.366 '=9&(@@ 0.295 40.092 40.344 40.302 0.440* 
         
0, 40.090 40.137 40.281 0.221 0.039 40.166 0.272 0.126 40.306 40.122 0.303 0.096 
        
>, 40.065 40.326 '=9@@ 0.201 40.192 40.441* 0.401* 0.012 40.454* 40.303 =9@@ =99=@@ =&2@@
       
>; 40.001 40.150 40.309 0.223 40.118 40.149 0.250 =2@@ 40.049 40.155 0.188 0.315 0.491** =99=@@
      
#  40.225 40.204 0.206 40.148 0.180 0.193 0.054 40.076 0.000 0.319 40.164 40.080 40.027 40.088 40.184 
     
#0, 40.381* 40.234 0.198 40.273 0.175 0.296 0.107 40.083 0.016 0.356 40.212 40.191 0.214 0.070 40.171 =%%@@
    
#3 0.111 0.251 0.308 0.022 0.251 0.215 40.404* 40.035 0.248 0.321 40.363 40.246 0.042 40.110 40.272 0.221 0.153 
   
?# 0.253 0.001 40.432* 40.085 40.162 40.382* 0.137 40.047 40.192 40.086 0.120 0.059 40.052 0.075 0.059 40.359* 40.379* 0.044 
  
 3 0.263 0.180 40.022 40.065 0.100 40.047 40.183 40.032 0.092 0.173 40.203 40.157 0.050 0.014 40.129 0.000 40.036 =9@@ =%=@@
 
A 40.024 40.012 0.122 0.077 0.290 0.200 0.051 0.115 0.104 0.335 40.250 40.382* 0.155 40.061 0.040 0.142 0.020 40.073 0.102 0.016 
Asterisks indicate significant values at <0.05 (*) and <0.01 (**); correlations < 40.5 and >0.5 are highlighted in bold.  
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T=$!+'	
			8

		%2		
 ;	<9 ##;<9 ;8<9 ;	%<= ##;%<= ;8%<= #8 #; *# # # >0 0, >, >; #  #0, #3 ?#  3
;	<9
                    
##;<9 =&&@@
                   
;8<9 0.056 0.458** 
                  
;	%<= 0.316* 0.111 40.410** 
                 
##;%<= 0.332* 0.334* 0.070 =%&@@
                
;8%<= 0.042 0.297 =9=&@@ 40.400** 0.329* 
               
#8 0.027 40.158 40.367* 0.019 40.064 40.013 
              
#; 0.093 40.080 40.296 0.074 0.072 40.163 0.111 
             
*# 40.136 40.114 40.155 40.009 0.059 40.001 40.055 0.131 
            
# 0.026 40.050 40.187 0.048 0.167 0.128 0.125 40.067 0.348* 
           
# 0.064 0.129 0.240 40.034 40.109 40.064 40.065 0.085 '=%=@@ '=29@@
          
>0 0.010 0.071 0.270 40.157 40.107 0.059 0.060 0.014 40.449** 40.220 0.324 
         
0, 0.054 0.187 0.264 40.057 0.153 0.171 0.033 40.005 40.199 40.268 0.309 =92%@@
        
>, 0.021 0.159 0.292 40.090 0.095 0.151 0.055 0.017 40.250 40.294 0.345* ==@@ =22@@
       
>; 0.089 0.093 0.102 40.107 40.028 40.020 0.040 =92@@ 40.295 '=9=@@ =9@@ =9%2@@ =%9=@@ =%&@@
      
#  0.281 0.391* 0.311* 0.006 0.367* 0.390* 40.089 40.064 40.100 40.293 0.286 0.218 =9%%@@ =92@@ 0.283 
     
#0, 0.342* =92@@ 0.451** 40.077 0.296 =9(@@ 40.157 40.245 40.177 40.146 0.203 0.162 0.376* 0.357* 0.145 =%2@@
    
#3 0.204 0.264 0.128 40.058 0.288 0.417** 0.114 40.175 40.109 40.056 0.107 40.058 0.321 0.258 0.008 =%&(@@ =%&@@
   
?# 40.082 40.194 40.212 0.164 0.030 40.240 0.073 0.087 40.016 0.151 40.170 0.017 40.208 40.202 40.085 40.344* 40.471** 40.383* 
  
 3 0.177 0.167 40.063 0.066 0.271 0.237 0.168 40.187 40.145 40.016 0.045 40.029 0.251 0.189 40.046 =9(@@ 0.433** =&@@ 0.144 
 
A 0.334* 0.326* 0.184 0.156 0.183 40.041 40.321 40.065 40.298 40.186 0.241 0.110 40.151 40.124 0.009 40.029 0.032 40.079 0.077 40.078 
Asterisks indicate significant values at <0.05 (*) and <0.01 (**); correlations < 40.5 and >0.5 are highlighted in bold.  
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  			!8	+!	 
 Framework linkage maps with markers spaced every 5410 cM were generated 
separately for the 768 and 769 populations to allow analysis of quantitative phenotypic 
traits. Figure 7.4 illustrates the comparison between the framework maps of the 768 and 
769 populations. 
 Framework maps of the 768 and 769 populations consisted of 340 and 295 
markers including the morphological marker for the shell4thickness gene (#), with total 
map lengths of 1,843 and 1,753 cM, respectively (Tables 7.11 and 7.12). Due to the co4
dominant nature of SNP and SSR markers, both of these markers were preferably 
selected during the process of constructing the framework maps, hence as high as 73B of 
total markers in the framework maps were these two marker types.  
 The average marker density was one marker in every 5.81 and 6.42 cM for the 
768 and 769 populations, respectively. Both the framework maps of the 768 and 769 
populations have four (1.2B) and seven (2.5B) intervals greater than 15 cM. The greatest 
intervals were observed on LG 2 of the 768 and LG 6 of the 769 populations, with 
distances of 21.1 and 27.1 cM, respectively. A total of 145 common markers were 
obtained between the two framework maps. The locus order of common markers was in 
general concordant between the two maps except for minor local inversions observed in 
LG 4, 5/13 and 10. 
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F" ($ 5	!	 	  !8	+! 	
 	  %& 
 %2
		8A
!"	Marker names are shown to the right of 
each LG, with map distances (in cM) to the left. Common markers between the two maps are 
linked with a line. D: DArT marker, S: SNP marker, mOgCIR:  SSR marker.  
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T$5	!8	+"!	%&		
 +""	  / 03 )   30 5-6.
 27 3 4 20 158.18 6.08 12 (44.4B) 
 22 4 4 14 138.65 6.60 8 (36.4B) 
 13 2 5 6 77.12 6.43 6 (46.2B) 
( 47 1 9 36 189.02 4.11 18 (38.3B) 
9B 6 0 3 3 28.97 5.79 4 (66.7B) 
% 17 2 10 5 108.15 6.76 7 (41.2B) 
 15 2 3 10 83.33 5.95 9 (60B) 
& 27 2 8 17 182.87 7.03 10 (37B) 
2 20 2 3 15 95.89 5.05 9 (45B) 
=3 22 2 8 12 123.39 5.88 11 (50B) 
=; 11 0 5 6 61.01 6.10 6 (54.5B) 
 15 2 7 6 61.47 4.39 7 (46.7B) 
 28 2 5 21 158.79 5.88 10 (35.7B) 
B9 14 0 6 8 75.11 5.78 7 (50B) 
( 23 2 4 17 127.70 5.80 7 (30.4B) 
9 20 5 5 10 108.24 5.70 8 (40B) 
% 13 2 2 9 65.02 5.42 7 (53.8B) 
	 (=  2 9 &( ' (9-(%6.
 20.00 1.94 5.35 12.65 108.41 5.81 9.06 (48.08B) 
 6 0 2 3 28.97 4.11 4 (30.4B) 
7 47 5 10 36 189.02 7.03 18 (66.7B) 
TM = Total number of markers for each linkage group  
ML = Map length in centiMorgan (cM) 
AMD = Average marker density in cM 
CM = Number and percentage of common markers between the 768 and 769 populations 





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T$5	!8	+"!	%2		
 +""	  / 03 )   30 5-6.
 23 3 6 14 139.81 6.35 12 (52.2B) 
 18 4 6 8 97.07 5.71 8 (44.4B) 
 12 2 2 8 74.23 6.75 6 (50B) 
( 38 2 7 29 202.84 5.48 18 (47.4B) 
9B 6 0 3 3 42.23 8.45 4 (66.7B) 
% 17 2 7 8 124.01 7.75 7 (41.2B) 
 15 2 2 11 90.28 6.45 9 (60B) 
& 21 2 9 10 142.18 7.11 10 (47.6B) 
2 20 2 3 15 106.96 5.63 9 (45B) 
=3 21 2 7 12 136.58 6.83 11 (52.4B) 
=; 14 0 8 6 60.81 4.68 6 (42.9B) 
 13 2 3 8 83.10 6.92 7 (53.8B) 
 22 2 6 14 134.94 6.43 10 (45.5B) 
B9 11 0 3 8 47.99 4.8 7 (63.5B) 
( 16 2 1 13 89.83 5.99 7 (43.8B) 
9 14 3 3 8 104.61 8.05 8 (57.1B) 
% 14 2 3 9 74.93 5.76 7 (50B) 
	 29  2 &( 9 ' 145 (49.2B) 
 17.35 1.88 4.65 10.82 103.08 6.42 9.06 (53.31B) 
 6 0 1 3 42 5 4 (41.2B) 
7 38 4 9 29 203 8 18 (66.7B) 
TM = Total number of markers for each linkage group  
ML = Map length in centiMorgan (cM) 
AMD = Average marker density in cM 
CM = Number and percentage of common markers between the 768 and 769 populations 
  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 QTL analysis of important quantitative yield and vegetative traits was performed 
for both the 768 and 769 populations using Kruskal4Wallis (K4W) and the Interval 
Mapping (IM) method implemented in the MapQTL6 software. Several QTLs were 
detected as presented in Tables 7.13 and 7.14.  Significant LOD thresholds for QTL 
determination were estimated at the genome4wide (GW) global risk α of 5B for each trait 
using a 10,000 permutation test and were found to range from LOD 4.0 to 4.4 and 3.8 to 
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4.2 for the different traits studied in the 768 and 769 populations, respectively. The LOD 
thresholds of the 769 population were generally lower than those of the 768 population 
for the same traits. A QTL was regarded as putative/potential QTL when its LOD score ≥ 
3 while those with LOD score ≥ the significant threshold value were declared as 
significant QTL.  
 A total of 4 significant and 19 putative QTLs were detected by IM for the 768 
population with an average 17.2 cM confidence intervals for the positions of the QTLs 
(minimum 3 cM and maximum 45.1 cM). An additional 15 markers were also identified 
from K4W analysis at =0.005 with significant marker4trait associations (Table 7.13). As 
for the 769 population, two significant and 13 putative QTLs were detected by IM and 17 
extra markers were associated significantly with a particular trait at =0.005 (Table 7.14). 
The minimum and maximum confidence intervals for the positions of QTLs identified in 
the 769 population were 4 cM and 99.2 cM, respectively, with a mean of 22.4 cM. The 
QTL results of the 21 phenotypic traits collected from both the 768 and 769 populations 
are presented in the following section individually.  


   :A single putative QTL was 
detected for the 768 population at position 155.4 cM of LG 4 by IM at a LOD score of 
3.9. SNP marker S.04762|43:C>T was located at this position and this significant marker4
trait association was confirmed by K4W analysis (K*=11.3, =0.005) (Table 7.13, Figure 
7.5). This QTL explains 39.9B of the total phenotypic variance.  No QTLs were detected 
for the 769 population by either K4W or IM analysis for trait )4+5. 
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Trait Acronym LG
a
 
Position
(cM)
b
 
Marker
c
 
Interval Mapping Analysis         Kruskal4Wallis Analysis 
Maximum 
LOD
d
 
GW 
(5%) 
Additive Dominance 
% 
Corrected
Var
e
 
Confidence 
Interval 
(cM) 
  K* Df 
Significance 
level
f
 
Average bunch 
number/palm/year at 
345 years 
Bno3_5 4 155.4 S.04762|43:C>T 3.9 4.2 43.19 3.84 39.9 153.34160.4   11.4 2 ****    
Fresh fruit bunch 
yield/palm/year at 345 
years (kg/palm/year) 
FFB3_5 
4 157.4 S.04762|43:C>T
δ
 3.5 4.3  45.06 17.21 35.8 154.34162.4 
 
10.7 2 ****    
8 100.5 S.05265|46:A>T
δ
 4.4* 
 
414.31 5.45 43.3 93.54110.9 
 
13.0 2 **** 
Average bunch weight 
at 345 years (kg) 
Bwt3_5 
3 51.7 S.23581|9:C>T
δ
 3.7 4.2 40.67 0.71 37.9 35.8454.7  13.6 2 **** 
14 81.7 S.15886|6:T>C
δ
 4.2* 40.67 0.36 41.9 74.4491.5 15.6 2 ******  
8 64.4 D.24476        8.0 1 **** 
Fresh fruit bunch 
yield/palm/year at 64
10 years 
(kg/palm/year) 
FFB6_10 
8 99.5 S.05265|46:A>T
δ
 3.0 4.0 45614.24 2252.40 31.6 61.94107.0 
 
9.3 2 *** 
14 67.4 S.09875|5:G>C 
       
11.7 2 ****    
Average bunch weight 
at 6410 years (kg) 
Bwt6_10 
10B 50.9 D.02392
δ
 3.1 4.2 0.07 1.77 32.8 43.6457.4     
13/5 0.0 D.17319 3.8  1.17 40.62 38.6 0.0410.0  10.9 1 ***** 
14 79.7 S.15886|6:T>C 4.5* 41.23 0.57 44.6 75.4482.7   16.2 2 ******  
1 101.6 S.19500|61:C>G        11.5 2 **** 
105.6 D.03073               7.9 1 ****    
Average fruit weight 
(g) 
Fwt 1 7.0 S.08754|50:C>T
δ
 3.3 4.1 1.49 40.96 38.2 0.0423.8 
  
10.9 2 ****    
Kernel to fruit ratio 
(B) 
KF 
8 147.6 S.06557|15:G>A
δ
 3.5 4.4 41.33 40.89 40.0 123.74167.7   12.6 2 ****    
16 55.0 S.20722|60:G>A
δ
 3.0   40.17 2.25 35.2 50.1465.0   10.3 2 *** 
Shell to fruit ratio (B) SF 13/5 
50.5 D.03179               8.8 1 ****    
75.1 S.23947|24:C>T               10.7 2 ****    
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Mesocarp to fruit ratio 
(%) 
MF 13/5 75.1 S.23947|24:C>T 
              
11.1 2 ****    
Oil to dry mesocarp 
ratio (B) 
ODM 
3 29.1 D.03237               8.4 1 ****    
14 87.4 mOgCIR0772 11.9 2 ****    
90.5 S.19424|28:C>T 13.8 2 ****    
93.5 D.05369               9.5 1 ****    
Dry to wet mesocarp 
ratio (B) 
DWM 
4 56.3 S.15448|30:T>G
δ
 3.0 4.3  0.12 3.81 34.9 48.5460.5   10.2 2 *** 
8 121.6 S.19046|51:G>A
δ
 3.2 
 
1.01 3.38 36.7 111.94126.7 11.0 2 ****    
12 141.3 S.09183|33:A>G 3.4 42.98 1.51 39.2 136.94145.3 10.9 2 ****    
Oil to wet mesocarp 
ratio (B) 
OWM 
3 52.7 S.23581|9:C>T
δ
 3.2 4.2  2.45 44.11 36.9 38.8455.7   10.0 2 *** 
4 57.3 S.15448|30:T>G
δ
 3.2 
 
0.65 3.55 37.3 48.9460.5 11.5 2 ****    
8 123.7 S.19046|51:G>A
δ
 4.2* 1.51 3.63 45.7 113.94127.7 14.2 2 *****   
Average frond length 
of frond 17 (cm)  
FL 
6 32.1 S.09746|51:T>C               10.9 2 ****    
37.0 D.14522 8.2 1 ****    
7 73.0 S.04110|39:T>C               10.8 2 ****    
Number of green 
fronds 
GF 
1 143.6 S.20096|57:G>C
δ
 3.1 4.2  41.93 44.23 32.6 130.84157.8   10.4 2 *** 
4 91.9 S.07919|65:G>T
δ
 3.3 
 
43.69 1.41 34.2 83.74106.6 11.6 2 ****    
10A 6.4 S.13650|39:C>A 3.6 43.25 42.46 37.3 2.0424.3 12.4 2 ****    
Leaf area index  LAI 
16 65.0 S.01165|10:T>C 3.0 4.1 40.33 1.31 25.0 62.0465.0   11.6 2 ****    
14 127.7 S.24206|47:T>C               11.2 2 ****    
Stem height (cm) Ht 3 16.3 mOgCIR2518
δ
 3.0 4.1 1.09 41.51 31.8 10.0425.8   7.6 2 ** 
a 
LG = Linkage group 
b 
Cumulative distance from the top marker of the linkage group 
c
 δ = Neighbour locus if not at the QTL position 
d
 * = α significance threshold at 5B 
e
 Percentage of the phenotypic variance explained at the QTL corrected according to Luo  (2003) 
f
 Significance level of K* values: * = 0.1, ** = 0.05, *** = 0.01, **** = 0.005, ***** = 0.001, ****** = 0.0005, ******* = 0.0001 
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T($ 

*+',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-C===9.
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!"!	
	%2		
Trait Acronym LG 
Position 
(cM) 
Marker 
Interval Mapping Analysis         Kruskal4Wallis Analysis 
Maximum 
LOD 
GW 
(5%) 
Additive Dominance 
% 
Corrected 
Var. 
Confidence 
Interval 
(cM) 
  K* Df 
Significance 
level 
Fresh fruit bunch 
yield/palm/year at 345 
years (kg/palm/year) 
FFB3_5 15 44.1 mOgCIR3346             
  
10.9 2 ****    
Average bunch weight 
at 345 years (kg) 
Bwt3_5 15 62.0 S.04962|59:A>G 
              
10.8 2 ****    
Average bunch 
number/palm/year at 64
10 years 
Bno6_10 
9 40.7 S.09422|62:C>T
δ
 3.4 4.0 42.32 42.16 28.2 23.9451.3   10.8 2 ****    
11 12.4 mOgCIR3362 
   
11.4 2 ****    
17.1 S.09107|50:C>A         11.6 2 ****    
Fresh fruit bunch 
yield/palm/year at 6410 
years (kg/palm/year) 
FFB6_10 14 66.6 S.34182|5:G>A 
              
11.6 2 ****    
Fruit to bunch ratio (B) FB 
7 23.8 D.02806
δ
 3.1 3.9 3.41 4.17 30.6 14.7429.9 
   
13/
5 
0.0 S.22128|29:A>G 3.4 
 
3.20 5.06 33.0 0.044.0 
  
11.7 2 ****    
14 8.7 mOgCIR3350               12.4 2 ****    
Kernel to fruit ratio (B) KF 4 149.1 S.21321|53:C>G               11.5 2 ****    
Shell to fruit ratio (B) SF 4 10.4 S.06735|57:G>A               8.2 1 ****    
Mesocarp to fruit ratio 
(B) 
MF 
4 153.2 S.07945|6:A>G 
              
10.8 2 ****    
Oil to dry mesocarp 
ratio (B) 
ODM 
1 89.8 mOgCIR3809
δ
 3.4 4.0 2.42 41.87 33.1 70.6497.6 
  
6.9 2 ** 
9 85.4 D.03220 3.2   41.33 40.66 31.1 78.9490.7   10.1 1 ****    
Dry to wet mesocarp 
ratio (B) 
DWM 
6 0.0 S.28644|63:C>T 3.0 4.0 40.89 6.35 29.3 0.048.0   12.0 2 ****    
9 85.7 D.03220               9.9 1 ****    
Oil to wet 
mesocarpratio (B) 
OWM 
6 1.0 S.28644|63:C>T
δ
 3.2 3.8 40.96 6.45 31.2 0.049.0   11.6 2 ****    
9 85.7 D.03220               10.1 1 ****    
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Oil to bunch ratio (%) OB 6 81.2 D.04504               8.1 1 ****    
Average frond length of 
frond 17 (cm)  
FL 
10
A 
91.3 D.30978               7.9 1 ****    
108.6 D.01967               8.1 1 ****    
Average frond dry 
weight of frond 17 (kg) 
FDW 
6 41.7 D.00853 5.3* 4.0 0.31 40.46 43.1 38.5445.7   16.8 1 ******* 
10
A 
99.9 S.17427|35:C>T
δ
 3.0 
 
0.27 0.38 26.2 84.24118.4 10.0 2 *** 
Average frond area of 
frond 17 (m
2
) 
FA 
3 36.9 D.15904
δ
 3.1 4.0 41.73 41.11 22.9 24.9445.1 
   
6 46.7 S.29059|24:A>C
δ
 4.8* 
 
2.03 40.003 33.7 34.6460.8   15.8 2 ******  
12 20.5 S.16761|49:A>G               11.3 2 ****    
Number of green fronds GF 12 11.0 mOgCIR1730
δ
 3.6 4.2 43.16 42.40 30.9 6.0435.1 
 
10.8 2 **** 
Leaf area index  LAI 
3 34.9 D.15904
δ
 3.4 3.8 40.94 40.94 24.8 22.9441.1   8.9 1 ****    
6 50.5 S.29059|24:A>C 3.3 
 
0.92 0.20 23.8 39.5462.8 12.6 2 ****    
10
A 
91.3 D.30978             
  
9.0 1 ****    
Stem height (cm) Ht 
1 108.1 S.24752|24:T>G
δ
 3.2 4.0 0.05 40.04 26.4 
101.64
112.1   
9.9 2 *** 
16 43.3 D.04855               8.6 1 ****    
a 
LG = Linkage group 
b 
Cumulative distance from the top marker of the linkage group 
c
 δ = Neighbour locus if not at the QTL position 
d
 * = α significance threshold at 5B 
e 
Percentage of the phenotypic variance explained at the QTL corrected according to Luo  (2003) 
f
 Significance level of K* values: * = 0.1, ** = 0.05, *** = 0.01, **** = 0.005, ***** = 0.001, ****** = 0.0005, ******* = 0.0001 

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
 	

"
 

   %& 		 Only linkage groups for which “putative” or 
“significant” QTL were found are shown. Marker names are shown to the right of each LG, with 
map distances (in cM) to the left. QTL acronym is described in Tables 7.1 to 7.3. 
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
F"%$'8	 " 
  	  
 
 "
 

   %2 		 Only linkage groups for which “putative” or 
“significant” QTL were found are shown. Marker names are shown to the right of each LG, with 
map distances (in cM) to the left. QTL acronym is described in Tables 7.1 to 7.3. 
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

!"  # IM analysis 
revealed one significant and one putative QTL each on LG 8 and 4, respectively, for trait 
$$)4+5 collected from the 768 population (Table 7.13, Figure 7.5). Both QTLs 
accounted for 43.3% and 35.8% of the total phenotypic variation, respectively. The 
significant QTL peaked at position 100.5 cM of LG 8 with LOD score of 4.4, slightly 
higher than the genome4wide permutation test threshold (4.3; 10,000 permutation tests) 
whereas the putative QTL (LOD score = 3.5) was detected at 157.4 cM of LG 4. A strong 
marker4trait association was identified between the SSR locus mOgCIR3346 at 44.1 cM 
of LG 15 and trait $$)4+5 for the 769 population by K4W analysis (K*=10.9, =0.005) 
(Table 7.14, Figure 7.6). A maximum LOD value (2.44) was also observed at the nearby 
location (45.1 cM) with IM analysis, despite not reaching the significance threshold.  


$%&': Two QTLs were detected by 
IM analysis for trait )(4+5 on LG 3 and 14 of the 768 population (Table 7.13 and 
Figure 7.5). Together the QTLs explained about 80B of total phenotypic variation and 
the estimates of additive effects and dominance variation of both QTLs were in the same 
direction.  These two QTLs were linked with nearby SNP marker S.23581|9:C>T and 
S.15886|6:T>C, respectively, as was evidenced by significant marker4trait association 
analysis using K4W mapping (K*=15.6, =0.0005 and K*=13.6, =0.005, respectively). 
A significant marker4trait association was also identified between D.24476 marker on LG 
8 and trait )(4+5 of the 769 population by K4W analysis (K*=8, = 0.005). For the 769 
population, S.04962|59:A>G marker on LG 15 was found to be significantly associated 
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with trait )(4+5 through K4W analysis (K*= 10.8, =0.005) (Table 7.14 and Figure 
7.6).  
 

  $%&  $%&: Trait data collected from 
the 768 population was not normally distributed despite transformations attempted, hence 
only non4parametric K4W analysis was performed and no significant marker4trait 
association was detected. A putative QTL at position 40.7 cM of LG 9 was identified for 
the 769 population and this accounted for 28.2B of the total phenotypic variation (Table 
7.14 and Figure 7.6). SNP marker S.09422|62:C>T was located nearby to this QTL peak. 
Two additional markers mOgCIR3362 and S.09107|50:C>A of LG 11 were revealed to 
be significantly associated with )*+,- trait of the 769 population (K*=11.4 and 11.6, 
respectively, =0.005) (Table 7.14 and Figure 7.6).  
 

!$%&"  $%&: A putative 
QTL for the $$)*+,- trait of the 768 population was detected on LG 8 with LOD peak 
at position 99.5 cM and S.05265|46:A>T was the closest marker to the QTL peak (Table 
7.13 and Figure 7.5). This SNP marker was also linked to a QTL for $$)4+5 with both 
the additive QTL effects in the same direction, corresponding well to the significant 
positive correlation between $$)4+5 and $$)*+,- traits (Table 7.9). Trait $$)*+,-was 
also found to be significantly associated with marker S.09875|5:G>C and S.34182|5:G>A 
on LG 14 of the 768 and 769 populations, respectively, by K4W analysis (K*=11.7 and 
11.6, respectively,  = 0.005) (Tables 7.13 and 7.14; Figures 7.5 and 7.6).  
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 
 '  $%&  " '$%&: A total of three QTLs were 
revealed by IM analysis of )(*+,- trait data collected from the 768 population. These 
included one significant QTL on LG 14 and two putative QTLs on LG 10B and 13/5 
(Table 7.13 and Figure 7.5). The LOD score of the significant QTL peaked at the location 
of the S.15886|6:T>C marker and this marker was also associated with the significant 
QTL of )(4+5 trait. Both QTL results were supported by highly significant marker4trait 
association detected in K4W analysis (=0.0005).  Meanwhile, K4W analysis revealed 
that two closely4located markers on LG 1, S.19500|61:C>G and D.03073, were also 
associated with )(*+,- trait of the 768 population (K*=11.5 and 7.9, respectively, 
=0.005) (Table 7.13, Figure 7.5).  There was no QTL or significant marker4trait 
association detected for the )(*+,-trait of the 769 population. 
 
 '   ': Trait data analysis of the 768 population identified a 
single putative QTL located at 7 cM of LG 1 with LOD score of 3.3 (Table 7.13 and 
Figure 7.5). SNP marker S.08754|50:C>T was nearest to this locus and the QTL 
explained 38.2B of total phenotypic variation. Again, no QTLs were detected for the $( 
trait analysed in the 769 population.  
 
  
  (  : Both K4W and IM analysis revealed no significant 
marker4trait association or QTLs for trait $) in the 768 population. In contrast, two 
putative QTLs were identified on LG 7 and 13/5 of the 769 population with LOD scores 
of 3.1 and 3.4, respectively (Table 7.14 and Figure 7.6). DArT marker D.02806 was 
closely4linked with the putative QTL on LG 7 while the QTL on LG 13/5 peaked on SNP 
marker S.22128|29:A>G. Both QTLs accounted for about 64B of the total phenotypic 
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variation. K4W analysis detected an additional SSR marker on LG 14, mOgCIR3350, to 
be significantly associated with the trait $)(K*=12.4, =0.005) (Table 7.14 and Figure 
7.6).  
)
() : IM analysis of the 768 population detected two putative 
QTLs controlling the trait 0$. These two QTLs were located on LG 8 and 16 at 147.6 
and 55 cM with LOD scores of 3.5 and 3, respectively (Table 7.13 and Figure 7.5). The 
closest markers to these putative QTLs were SNP markers S.06557|15:G>A and 
S.20722|60:G>A for LG 8 and 16, respectively. Meanwhile, K4W analysis of the 769 
population estimated a strong marker4trait association between S.21321|53:C>G marker 
on LG 4 with trait 0$ (K*=11.5, =0.005) (Table 7.14 and Figure 7.6).  

( :#$ trait of both the 768 and 769 populations were analysed 
by non4parametric K4W analysis due to the non4normal distribution of the trait. It was 
found that marker D.03179 and S.23947|24:C>T located at 50.5 and 75.1 cM on LG 13/5 
of the 768 (Table 7.13 and Figure 7.5) and marker S.06735|57:G>A on LG 4 of the 769 
population (Table 7.14 and Figure 7.6) were significantly associated with the #$ trait 
(=0.005).  It has to be noted that the data for #$ trait for both populations were corrected 
for the shell4thickness gene before QTL analysis. 
*  
  ( * : MF trait is another non4normally distributed bunch 
component trait that could only be analysed by non4parametric K4W analysis. Strong 
marker4trait association was detected for marker S.23947|24:C>T on LG 13/5 of the 768 
population (=0.005), which was also strongly associated with #$ trait (Table 7.13 and 
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Figure 7.5). This correlates well with the significant negative correlation between #$ and 
 $ traits of the 768 population (Table 7.9). Interestingly, the  $ trait of the 769 
population was found to be strongly associated with S.07945|6:A>G marker on LG 4 
(K*=10.8, =0.005) (Table 7.14 and Figure 7.6). This marker was closely linked with the 
S.21321|53:C>G marker that was found to be associated with the 0$ trait, corresponding 
to the significant negative correlation between  $ and 0$ traits of the 769 population 
(Table 7.10).  
+  !  ( +,*:K4W analysis identified significant association 
between this trait of the 768 population with D.03237 marker on LG 3 and mOgCIR0772, 
S.19424|28:C>T and D.05369 markers on LG 14 (=0.005) (Table 7.13 and Figure 7.5). 
IM analysis of trait data for the 769 population revealed two putative QTLs located at 
positions 89.8 and 85.4 cM of LG 1 and LG 9 with LOD scores of 3.4 and 3.2, 
respectively (Table 7.14 and Figure 7.6). The estimated additive effects of both QTLs 
were in opposite direction, accounting for about 33B and 31B of the total phenotypic 
variation.  
,'(,-*: Three putative QTLs were detected for the trait 
%2 in the 768 population. These QTLs mapped on 56.3, 121.6 and 141.3 cM of LG 4, 
8 and 12, respectively (Table 7.13 and Figure 7.5). QTLs on LG 4 and 8 had additive 
QTL effects in the same direction but opposite to the effect of QTL on LG 12. Only one 
putative QTL was identified by IM for the 769 population for trait %2 . It was located 
on LG 6 at position 0 cM with S.28644|63:C>T (Table 7.14 and Figure 7.6). Additional 
DArT marker, D.03220 on LG 9, was found to be significantly associated with the trait 
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%2  of the 769 population through K4W analysis (=0.005) (Table 7.14 and Figure 
7.6).  
+'(+-*: IM analysis revealed one significant QTL on LG 
8 and two putative QTLs on LG 3 and 4 of the 768 population for trait .2 . A SNP 
marker, S.19046|51:G>A, was the nearest marker to the significant QTL locus on LG 8 
and this was supported by a strong association result obtained from K4W analysis 
(K*=14.2, =0.001) (Table 7.13 and Figure 7.5). This marker together with 
S.15448|30:T>G on LG 4 were also identified as QTLs linked with the %2  trait of the 
768 population. Similarly, markers S.28644|63:C>T and D.03220 on LG 6 and 9, 
respectively, of the 769 population were identified as putative QTLs for both the .2  
and %2  traits and their associated additive QTL effects were in the same negative 
direction (Table 7.14 and 7.6).  This supported the strong positive correlation relationship 
between the %2  and .2  trait of both the 768 and 769 populations (Tables 7.9 and 
7.10).  
+  
  ( +: Non4parametric K4W analysis indicated that significant 
marker4trait association was found between this trait and the DArT marker D.04504 on 
LG 6 of the 769 population at 81.2 cM (K*=8.1,  = 0.005) (Table 7.14 and Figure 7.6). 
 !   ! %.   /: Significant marker4trait association was 
revealed by K4W analysis between the trait $ with markers S.09746|51:T>C and 
D.14522 on LG 6 and S.04110|39:T>C on LG 7 of the 768 population (Table 7.13 and 
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Figure 7.5) as well as DArT markers D.30978 and D.01967 on LG 10A of the 769 
population ( = 0.005) (Table 7.14 and Figure 7.6).  
 ! ! '  ! %. "  ,-: Trait data analysis of the 769 
population identified two QTLs located on LG 6 and 10A associated with this trait. The 
QTL on LG 6 was declared as a significant QTL and was evidenced by the strongest 
marker4trait association detected by K4W analysis (K*=16.8, =0.0001) (Table 7.14 and 
Figure 7.6). This significant QTL explained about 43B of the total phenotypic variation. 
!!%.
0
 : One significant and one putative QTL were 
identified for the trait $7 of the 769 population on LG 6 and 3 with LOD scores of 4.8 
and 3.1, respectively, by IM analysis (Table 7.14 and Figure 7.6). The SNP marker 
S.29059|24:A>C was the closest marker to the QTL locus on LG 6 and K4W analysis 
supported a strong marker4trait association (K*=15.8, =0.0005). An additional marker 
S.16761|49:A>G on LG 12 was also identified by K4W analysis to be significantly 
associated with this trait at a lower 4value (K* = 11.3,  = 0.005).  
1
!2 : IM analysis of trait data for the 768 population revealed 
three putative QTLs on LG 1, 4, 10A associated with this trait. The LOD score achieved 
by the three QTLs were 3.1, 3.3 and 3.6 with SNP markers S.20096|57:G>C, 
S.07919|65:G>T and S.13650|39:C>A closely4linked with the QTL locus, respectively 
(Table 7.13 and Figure 7.5). A different QTL of the trait 3$ was detected for the 769 
population. This putative QTL was located at 11 cM of LG 12 and accounted for 
approximately 31B of the total phenotypic variation (Table 7.14 and Figure 7.6). 
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/!3/4: A single putative QTL was identified by IM analysis at 65 cM of 
LG 16 of the 768 population which was linked with SNP marker S.01165|10:T>C (Table 
7.13 and Figure 7.5). Marker4trait association by K4W analysis also indicated an 
association between the trait 78 with the S.24206|47:T>C marker on LG 14. Trait data 
analysis from the 769 population revealed that position 34.9 cM on LG 3 and 50.5 cM on 
LG 6 were putative QTLs of the 78 trait (Table 7.14 and Figure 7.6).  Both QTLs 
explained 24.8B and 23.8B of the total phenotypic variation, respectively. Overlapping 
of the QTL confidence intervals was observed for traits $%2, $7 and 78 on LG 6 with 
positive additive QTL effects as well as the trait $7 and 78 on LG 3 with negative 
effects. DArT marker D.30978 on LG 10A was also found to be significantly associated 
with both $ and 78 traits of the 769 population by K4W analysis (=0.005) (Table 7.14 
and Figure 7.6). This corresponds well with the significant positive correlation between 
$, $%2 and $7 with 78 trait of the 769 population (<0.01) (Table 7.10). 
5: IM analysis of the 768 population detected a putative QTL on LG 
3 at 16.3 cM with LOD score of 3 (Table 7.13 and Figure 7.5). SSR marker mOgCIR2518 
was linked to this locus which explained 31.8B of the total phenotypic variation. A 
different putative QTL for the trait 1 was found on LG 1 of the 769 population with 
marker S.24752|24:T>G linked closely to this QTL peak (Table 7.14 and Figure 7.6). 
Marker4trait association by K4W analysis also revealed significant association between 
DArT marker D.04855 on LG 16 with the trait 1(K* = 8.6, =0.005).   
 Despite the initial objective of this chapter being to combine any common QTLs 
between the two closely related  self4pollinated populations, none of the QTLs 
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identified in both populations were common for the same quantitative traits in the initial 
QTL analysis reported here. 
(  0	
 The majority of important traits in plant breeding, for example yield, height, 
drought and disease resistance, are quantitative traits that exhibit continuous distribution 
of phenotypes that do not follow clear patterns of Mendelian inheritance. The study of 
quantitative traits is complex as these traits are the cumulative effect of many genes and 
their interaction with the environment or they may be under simpler genetic control, but 
are significantly affected by environment; hence one cannot infer the genotype from the 
phenotype (Collard  , 2005). Construction of high density genetic maps of any 
species of interest using molecular marker technologies has enabled plant geneticists to 
detect and estimate the effects of quantitative trait loci through QTL mapping. QTL 
mapping is a powerful tool for studying the inheritance and genetic architecture of 
quantitative traits and provides information on number and chromosomal location of 
QTLs affecting a trait, magnitude and direction of effect of each QTL, dominant and/or 
additive gene action of each QTL as well as interaction between different QTLs 
(epistasis) and between genotypes and environments (Semagn , 2010).  
 After construction of two genetic maps using the DArTSeq platform for the 768 
and 769 F2 populations (chapter 6), this chapter reports the QTL study of 21 quantitative 
yield traits, bunch components and also vegetative growth traits. Due to the small size of 
both the 768 and 769 populations, this chapter presents a preliminary QTL study. The 
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size of the controlled crosses is an issue throughout oil palm breeding, due to the schema 
adopted for classical breeding. 
(  	1	
 Quantitative phenotypic data were available for the yield of fruit and its 
components, bunch number and bunch weight, fruit bunch components and measures of 
vegetative growth. A series of statistical investigations have been conducted to study the 
nature of the trait variation collected from the field. The Gaussian distribution of traits 
was assessed using a Shapiro4Wilk test and it was found that majority of production and 
vegetative traits were non4normally distributed when  palms were included in the 
dataset (Tables 7.1 and 7.3). In general, the distribution of traits was normal after the 
exclusion of  individuals (Tables 7.4 and 7.5). & palms are usually female4
sterile (Singh  , 2013). The majority of  palms in the present study did not 
produce fruit and thus contributed significantly to the non4normal distribution of yield 
traits as well as the lack of available data for various fruit bunch components. Similar 
observations were reported by Rance   (2001) in their QTL analysis of yield 
components of oil palm using a population segregating for the shell4thickness gene. The 
authors commented that all  palms should be discarded from further QTL analysis 
due to their female4infertile character as well as unequal variances among shell4thickness 
genotypes, with  individuals associated with lower levels of phenotypic variance 
due to sterility.  
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 In the present study, shell4thickness genotypes ( or ) were also found to 
have a significant effect on phenotypic traits $(, #$,  $ and .) of both self4pollinated 
populations as well as $), %2  and .2  of the 768 population (Table 7.7). The study 
by Rance  (2001) detected the same genotype effect on the phenotypic traits $), #$, 
 $ and .), but not $(, and these trait values were corrected prior to interval mapping 
analysis. QTL analysis on the initial phenotypic data by Billotte  (2010) identified 
the strong influence of the # locus region on traits $(, $),  $, 0$ and palm oil 
industrial extraction rate (.9) with # effect accounted for as high as 90B of the 
phenotypic variation in  $. No vegetative trait was found dependent on the  and 
 variety of the palms, in a similar way to the results reported in the present study. 
Identification and removal of the # locus effect from quantitative traits is important so 
that variation due to the shell4thickness genotypes were accounted for prior QTL analysis 
(Table 7.8). Nevertheless, it should be noted that corrections of trait values for the shell4
thickness genotypes prior to QTL analysis might result in the erroneous allocation of 
phenotype variance (Rance , 2001).  
 The phenotypic traits studied in the present study were found to have complex 
relationships with each other. Strong correlations were observed between yield, bunch 
components and vegetative traits. Fresh fruit bunch yield ($$)) is a product of total 
bunch number ()) and bunch weight ()(t). Therefore, strong correlations of these 
yield traits were reported previously by Billotte   (2010) for both immature and 
mature phase with a classic negative correlation between ) and )(, presumably due to 
source limitation. These strong positive correlations were also detected in the present 
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study but negative correlations were only found between )*+,- and )(*+,-, but not 
)4+5 and )(4+5, of both the 768 and 769 population (Tables 7.9 and 7.10). 
Correlation of )*+,- and )(*+,-for the 768 population was not significant, despite 
being negatively correlated (Table 7.9).  
 Yield traits of the 769 population were significantly correlated with various 
vegetative growth traits ($%2, $ and 1; Table 7.10). This result was inconsistent with 
the QTL mapping in multi4parent population by Billotte   (2010) as well as the 
correlation result of the 768 population in the present study. No significant correlation 
between individual vegetative traits and yield traits were reported by Billotte  (2010) 
while the yield traits of the 768 population were significantly correlated with fruit bunch 
components, but not vegetative growth traits (Table 7.9).  
 The purpose of bunch analysis is to estimate the contents of oil and kernel in the 
bunch which were then used to calculate oil and kernel yield. The NIFOR method as 
described by Blaak  (1963) is the standard bunch analysis protocol that is generally 
used by most research institutes. Using this method, oil to bunch ratio (OB), the oil 
extraction ratio at laboratory scale, is calculated as .) = .%  x %2  x 2 :$ x $) 
(.%  = oil to dry mesocarp ratio; %2  = dry to wet mesocarp ratio; 2 :$ = wet 
mesocarp to fruit ratio; $) = Fruit to bunch ratio) and .2 = .%  x %2  (.2  = oil 
to wet mesocarp ratio) (Corley and Tinker, 2003). In the present study, significant 
positive correlations of .) with .2 , .% , %2 , $)were found in both populations, 
except that the .) and .%  traits of the 768 was positively correlated, but below the 
level of significance (Tables 7.9 and 7.10).  On the other hand, the trait $ was found to 
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have significant negative correlation with both 0$and #$which correlates well with the 
results of Billotte  (2010). This correlation is apparent; within a fruit, mesocarp size 
decreases when shell and kernel size increases.  
 Various vegetative growth traits were measured from oil palm leaves at the 10
th
 
year after planting, including   ( ($%2),   ($),   
($7), '    (3$) and   ; (78). Significant correlations 
between traits were found to be inconsistent between the 768 and 769 populations. 78 is 
the product of area per leaf ($7), number of palms per hectare and number of leaves per 
palm (= 3$) (Corley and Tinker, 2003). Positive correlations between 78 and $7 were 
observed for both the 768 and 769 populations. Positive significant correlations were also 
detected for 78 and 3$ in the 768 population, but this correlation was not significant for 
the 769 population. On the other hand, the significant negative correlation of 3$ with $, 
$%2 and $7 suggested that with a limited amount of energy and space available for 
frond development, the increase in frond number could reduce the length and width 
growth of individual fronds.   
(  "
( 		D
 Population size plays a major role in the power of QTL detection as well as the 
accuracy and precision of QTL analysis. It is well known that small sample size in 
quantitative trait loci (QTL) mapping can lead to an underestimation of the QTL number, 
overestimation of QTL effects and a failure to quantify any QTL interactions (Melchinger 
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, 1997; Vales , 2005). Beavis (1998) observed that even 200 offspring may be 
too few for reliable QTL detection. Most published QTL experiments have employed 
between 1004200 offspring (Semagn , 2010).  
 Choice of population size and marker method employed is often dependent on 
cost of marker genotyping and/or cost of trait phenotyping. The standard planting density 
of oil palm in the fields is 143 palms per hectare. Classical breeding trials also involve 
relatively small number of palms, usually between 60 and 75 per family (Billotte , 
2010). It is believed that this trial size is sufficient to estimate the characteristics of 
planting population, allowing selection of the best families, from which the best 
individuals can be identified for further breeding. However, such Family and Individual 
Selection (FIS) breeding systems are less appropriate for QTL detection.  
 In the present study, a total of 44 and 57 legitimate palms were available for the 
768 and 769 populations, respectively, and these were further reduced to 33 and 44 palms 
after removal of the  palms. Indeed, Rance  (2001) remarked that population 
size would have to be large enough to allow exclusion of  individuals if QTL 
mapping projects were to be performed on a  self4pollinated population. 
Alternatively,  x  or  x  crosses that do not give rise to could 
be employed. QTL analysis of most traits was performed by exclusion of  palms 
in the present study, except for vegetative growth traits $, $7 and 78. In view of the 
limited population size available for the 768 and 769 populations, preliminary QTL 
analyses were performed independently on both closely4related crosses to test the 
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possibility of combining potential common QTL markers, if any, to increase the power 
and accuracy of QTL detection.  
( #!8	+!
 
	
 Framework maps with markers spaced every 5410 cM for the 768 and 769 
populations were established in the present study for QTL analysis, instead of using the 
high density linkage maps reported in chapter 6. A relative sparse framework map with 
evenly spaced markers is adequate for QTL detection and previous reports have proven 
that the power of QTL detection was the same for maps with marker spacing of 10 cM 
compared to highly saturated maps and this detection power was only slightly decreased 
with marker spacing of 20 cM or even 50 cM (Darvasi , 1993). The framework maps 
constructed for the 768 and 769 populations have an average marker density of one 
marker every 5.8 cM and 6.4 cM with a range of 4.1 to 7.0 cM and 5 to 8 cM, 
respectively (Tables 7.11 and 7.12). The total map length of the framework linkage maps 
is comparable to those of the high density full genetic maps. The marker orders of 
framework maps and the full maps were generally consistent, except that some local 
inversion were observed on LG 2, 4, 5, 8, 9, 12 and 16 of the 768 and LG 4, 10B, 12 and 
14 of the 769 populations. 
 With the reasonable spacing of markers and comparable map length, the 
framework maps constructed in the present study are deemed suitable, if not optimal, for 
further QTL analysis. The use of spaced, highest quality markers, also avoids potential 
inflation of map distances because of poor data or conflict between markers. Thus it is 
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expected to be a truer representation of the underlying ‘ideal’ map, compared with the 
high density marker map. A total of 145 markers were common between the two 
framework maps, allows potential combination of common QTL found between the two 
closely4related populations.  
 Both interval mapping (IM) and Kruskal4Wallis (K4W) tests were performed for 
the QTL analysis. The non4parametric K4W test is (strictly speaking) more appropriate 
for non4normally distributed traits as the IM test can be biased by deviations from 
normality and uneven residuals (Montoya , 2013). The single4QTL model of interval 
mapping performs a likelihood ratio test at even positions in the genome, say every 
centiMorgan, to determine the presence of segregating QTL. The result are plotted as a 
likelihood4ratio test statistics (LOD scores) against the chromosomal map distance (Van 
Ooijen, 2009). Collard   (2005) reported dense markers may pose problems for 
linkage analysis software to correctly order the marker and can lead to erroneous QTL 
mapping results. Therefore, a framework map was established and used in the present 
preliminary QTL mapping.   
 MapQTL offers a permutation test (PT) for interval mapping to determine the 
significance threshold of the LOD score based on actual data rather than on assumed 
normality distributed data (Van Ooijen, 2009). Before permutation tests were widely 
accepted as an appropriate method to determine significance thresholds, LOD score 
between 2.0 to 3.0 (most commonly 3.0) were considered as the significance threshold. 
The significance thresholds in the present study were determined using 10,000 iteration 
permutation tests and were found to range between LOD 3.8 to 4.4 for different traits of 
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different mapping populations. QTLs with LOD scores greater than the 5% genome4wide 
(GW) significant threshold were considered as “significant QTL” for traits studied while 
QTLs with LOD score ≥ 3 but lower than the calculated threshold value were regarded as 
“putative QTL”.  
 Kruskal4Wallis (K4W) tests using the framework maps might not identify the 
most significant marker4trait association compared to high density maps, due to the 
limited number of markers in the framework maps.   
(  


 There were no common significant QTL identified between the 768 and 769 
populations for any trait. However, common markers could be found at a lower LOD 
threshold, for example both populations have a peak at the same region of LG 8 for trait 
$$)*+,- although the maximum LOD score for the 769 population was only 2.2; The 
same peaks at LG 6 were also observed for the trait $%2 with a maximum LOD score of 
5.3 for the 769 but a LOD score of only 2.4 for the 768 population (data not shown).   
 As previously mentioned, limited sample size will cause downward bias of the 
number of QTL detected but lowering of LOD threshold to allow identification of more 
“putative” QTL in the current analysis is unfavorable as it will inevitably contribute to 
substantial Type I error; identification of false positive QTLs.  
 Comparison of the present study with those previous publications is not 
straightforward, particularly with the report of Rance  (2001). The linkage groups 
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produced by Rance  for QTL analysis of yield components consisted of 22 linkage 
groups using solely RFLP markers. Due to the lack of common markers, no direct 
comparison is feasible between the study of Rance   (2001) and the present study.  
The same QTLs on linkage group 11 were identified for both  $ and 0$ traits in the 
study of Rance  (2001) and their additive QTL effects were in different directions, as 
predicted by the negative phenotypic correlation between these traits. Trait  $ in the 
present study was found to have a significant negative correlation with 0$ and #$ traits 
for both mapping populations. However, the traits  $ and #$ of the 768 population 
shared the same QTLS.23947|24:C>T on LG 13/5 while the traits  $ and 0$ of the 769 
population were correlated with QTL around the same regions of LG 4.  
 The framework maps of the 768 and 769 mapping populations consisting of 33 
and 32 SSR markers, respectively, with the original aim to have each linkage group with 
one SSR markers at each end. This was to make comparison with the multi4parent QTL 
mapping study conducted by Billotte  (2010) possible. Several traits were found to 
have QTL on the same linkage groups, either around the same region or different regions 
of the group. Trait )4+5 of the 768 population was mapped to S.04762|43:C>T of LG 
4 with a confidence interval of 153.3 to 160.4 cM, which is ‘downstream’ of SSR marker 
mOgCIR3477, whereas the QTL for trait )4+5 across the families identified by Billotte 
  (2010) was mapped to a region of LG 4 ‘upstream’ of marker mOgCIR3477. 
Meanwhile, a common QTL between trait )(*+< and )(4+5 across the families was 
revealed to be located in a region in between SSR marker mOgCIR3788 and 
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mOgCIR3809 of LG 1 by Billotte   (2010) while QTL of )(*+,- of the 768 
population was mapped to a region just ‘upstream’of mOgCIR3809 SSR marker.    
 Both the present study and that by Billotte  (2010) reported a QTL for trait 
$( on LG 1 but the QTL in the 768 population was located at the top of LG 7 while the 
QTL identified by Billotte  (2010) was mapped to the other end of LG 7. Similar 
observations were also obtained for the QTL of the trait 3$ on LG 4. This QTL was 
mapped directly ‘downstream’ of SSR marker mOgCIR3477 by Billotte  (2010) but 
the QTL in the 768 population was located at least 40 cM distance away from marker 
mOgCIR3477. Comparison of the QTL mapping of the 769 population with the study by 
Billotte  (2010) did not identify common QTL marker and/or QTL marker on the 
same LG.  
 The distinctive QTL mapping result obtained from the 768 and 769 populations 
was not surprising. Although the self4pollinated parents of both mapping populations 
were derived from the same T x P cross, both parents are expected to have a certain 
degree of similarity and difference in their genetic makeup. Oarlier work by Melchinger 
 (1998) using two independent samples of F2 populations with different sample sizes 
of 344 and 107 detected 107 and 39 QTLs, respectively, of which only 20 were common. 
In the multi4parental QTL mapping of oil palm by Billotte   (2010), the authors 
reported that only one QTL was significantly present in three out of the four crosses and 
all the other significant QTLs were specific to one or another of the crosses while another 
16 out of 44 QTLs detected by the across4family model were not identified by the within4
family analyses. The authors commented that small numbers of individuals per cross 
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contributed to the fact that QTLs could only be identified by one model but not the other. 
Both publications imply that sample size indeed played a significant role in the power of 
QTL detection and even with large numbers of individuals, the statistical power of QTL 
detection remains modest for QTLs with limited effects.  
 Most of the QTLs detected for the 768 population were for yield traits while most 
QTLs for the 769 population were for vegetative growth traits. The 769 population has a 
relatively larger sample size, particularly with vegetative growth traits $, $7 and 78 
with  palms included. There is a big difference in terms of sample size between 
the yield traits of the 768 and the vegetative growth traits of the 769 populations, 33 
against 44 or 57 palms. The power and accuracy of QTL detection would be slightly 
higher for vegetative growth traits of the 769 population.  
 The small sample size can also lead to the overestimation of the additive variance 
associated with correctly detected QTL. The bias can be due to sampling error and Beavis 
effect (Beavis 1994, 1998). The bias due to sampling error which is a contribution of the 
environmental variance to the estimate of the additive variance of QTL could be 
corrected as suggested by Luo (2003) and Xu (2003) and adopted by Montoya 
(2013) and the present study. However, the major part of the overestimation is due to 
the Beavis effect itself and cannot be corrected. Indeed, using the approach suggested by 
Luo  (2003), the correction of bias is minimal, in the range of only 2B to 2.7B and 
1.6B to 2.3B for QTLs identified in the 768 and 769 populations, respectively. The 
Beavis effect refers to the overestimation of the effect size of the QTL as a result of small 
sample sizes in QTL studies. In a simulation study, Beavis (1998) showed that average 
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estimates of the phenotypic variances associated with correctly identified QTL were 
greatly overestimated if only 100 offspring were evaluated, slightly overestimated if 500 
offspring were evaluated and fairly close to the actual magnitude when 1000 offspring 
were evaluated. When the sample size was small, say 100, the statistical power of 
detecting a small QTL was as low as 3% and the estimated effects were typically inflated 
104fold. This phenomenon has since been called the Beavis effect. 
 Lande and Thompson (1990) discussed the bias of QTL effects estimated and 
suggested performing QTL mapping with one data set and based on the information 
obtained estimate QTL effects in an independent data set so as to obtain unbiased 
estimates of QTL effects. QTL mapping using different population sizes conducted by 
Melchinger  (1998) revealed the large upward bias of estimates of the QTL effects 
and the authors agreed that inflated QTL effects could result in an overly optimistic 
assessment of the efficiency of marker4assisted selection.  
 In conclusion, this chapter has reported preliminary QTL mapping of yield traits, 
bunch components and vegetative growth traits of two small populations. No common 
QTL were identified in these closely4related F2 populations. Due to the small sample size 
available, interpretation of the results obtained should be done with caution and further 
validation/analysis is needed to confirm the accuracy of QTL detected in larger 
populations as well as the estimated phenotypic variance explained by the QTLs 
identified. Upon validation, the identified QTLs would be useful for marker4assisted 
recurrent selection (MARS) of oil palm breeding in which phenotypic evaluations of 
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crosses can be eliminated, accelerating the time per selection cycle to only 6 years  
compared to 19 years per cycle of conventional phenotypic selection (Wong , 2008).  
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	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 Oil palm fruits can be divided into three different types, which are thickshell 
 fruits, shellless, but femalesterile,  fruits and the hybrid .  
fruits have an intermediate fruit form, thinner shell with a greater proportion of 
mesocarp and a distinct fibre ring around the shell. The later allows unambiguous 
identification of  fruits in the field, as there is substantial variation for shell
thickness and the ranges of  and  shellthicknesses from different germplasm 
sources overlap. 
 In oil palm, the majority of agronomically important traits are controlled by 
multiple genes (quantitative), except for the shellthickness trait. The shell gene which 
controls fruit type shows monogenic codominant inheritance (Beirnaert and 
Vanderweyen, 1941).  In  fruit, 30% of the shell in a  fruit is replaced by 
mesocarp which contributes to a 30% increase in oil yield, as compared to the  
fruit (Corley and Lee, 1992). Therefore  palms are the most commercially 
cultivated oil palm genotype and the basis for modern oil palm breeding through 
recurrent selection of maternal  pools and paternal  pools (Soh and Hor, 
2000).   
 Various genetic mapping exercises on oil palm using different molecular 
markers such as RFLP (Mayes  
, 1997), RAPD (Moretzsohn  
, 2000) and 
AFLP together with SSR (Billotte  
, 2005) have identified molecular markers 
linked to the  gene at genetic distances ranging from  4.7 to 23.9 cM.  
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 This chapter reports the study of the shellthickness region through saturation of 
the genetic linkage maps with the aim of identifying closelylinked shellthickness 
marker(s) which could be used in markerassisted selection for early selection of fruit 
type.  
 
	

 Genetic grouping of the 768 and 769 populations was repeated with all available 
DArT and SNP markers generated from the DArTSeq platform and the linkage groups 
containing the  locus were identified for further mapping analysis, to try to saturate 
this shellthickness region, using the JoinMap 4.1 Software. After obtaining saturated 
linkage maps around the  region separately for both mapping populations, map 
integration was performed by selecting both group nodes that contain the  region. 
Map calculation of integrated map was based on mean recombination frequencies and 
combined LOD scores. Recombination frequencies and LOD scores were estimated for 
each pair of markers in individual maps, which in turn were used to calculate the virtual 
number of recombinant and nonrecombinant gametes in each population. Mean 
recombination frequency and combined LOD scores were obtained by totalling the 
numbers of recombinant and nonrecombinant gametes in both the 768 and 769 
populations.     
 DArT and SNP markers mapped within a 5 cM flanking region of the  gene 
were identified from the saturated individual maps of both the 768 and 769 populations, 
as well as the integrated map. Homology search using the 64 bp sequence tag 
associated with each DArTSeq marker was performed against MPOB  genome 
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assembly V5, as well as with the retroelement databases Repbase and TIGR Plant 
Repeats.  
 
 In order to gain a better understanding of the shellthickness region, genetic 
mapping was repeated with all available DArTSeq markers and higher density maps 
around this region were obtained for both the 768 and 769 populations (Figure 8.1). 
Overall, the majority of markers flanking the  gene were common to the two 
populations, although different local marker order and map distances were observed. 
By using mean recombination frequencies and combined LOD scores, an integrated 
map was generated for the  region (Figure 8.1). Marker order in the integrated map 
was different from that of the individual maps of the 768 and 769 populations and 
markers were more densely arranged on one side of the  region than the other.  
A total of 32 DArT and SNP markers were identified as flanking the  gene 
within 5 cM. Homology search of these markers against the MPOB  genome 
assembly revealed that despite the short sequence of the marker tags (64 bp), significant 
homology (Evalue ≤ 10
25
) were obtained for all markers, except for one DArT marker 
D.08807 with no hit. All the markers with significant homology has only a single hit 
with no subalignment score produced, indicating the markers were aligned to a single 
locus in the available genome sequence. Furthermore, 23 out of the 32 markers (72%) 
were found to be located on the same scaffold p5_sc00060, another three markers were 
on scaffold p5_sc00263 and four others markers were aligned to orphan contigs (Table 
8.1). Orphan contigs are contigs that cannot be assembled to any scaffold. The 
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homology search of the 32 markers against Repbase and TIGR plant repeats databases 
returned no significant hits even at Evalue of 10
5
. This indicates that DArT system 
generated markers from generich region of the genome, as would be expected for a 
marker system based on the methylationsensitive restriction endonuclease, I. 
Closer inspection of the hit region of the DArTSeq markers against p5_sc00060 
and p5_sc00263 scaffolds enabled identification of a sequential arrangement of markers 
according to the scaffold sequence order (Figure 8.2). It was observed that the overall 
arrangement of markers on the saturated linkage maps was broadly consistent with the 
scaffold sequence order, but with considerable local inconsistency. In the present study, 
the  gene was found to be located within scaffold p5_sc00060, nearer to one end of 
this scaffold and next to the second scaffold p5_sc00263. As MPOB had anchored the 
 genome assembly to their T128 genetic linkage map, scaffolds p5_sc00060, 
p5_sc00263 and p5_sc00051 were revealed to be located at pseudochromosome 
PLG04, sequentially ordered as the first, second and third scaffold. The arrangement of 
DArTSeq markers on the present saturated genetic maps corresponds well with the 
scaffold arrangement on PLG04.   
Meanwhile, detailed examination of locus arrangement within linkage group 4 
around shellthickness region of both the 768 and 769 populations revealed potential 
misphenotyping of fruit forms. Figure 8.3 shows that sample no. 55, 769/58, was 
phenotyped as  in the field (genotype “a”). However according to molecular 
marker mapping, the correct genotype should be “h”, a  fruit form instead.  
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		%Marker names are 
shown to the right of each LG, with map distances (in cM) to the left. Common markers between the two maps were linked. D: DArT marker, S: 
SNP marker, mEgCIR: 
 SSR marker.  
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	
1 S.08677|64:A>G 69 p5_sc00060 1883454 1883386 69 98 9.00E29 
2 S.07695|56:C>G 69 p5_sc00060 2341873 2341941 69 100 4.00E31 
3 S.06301|43:C>T 69 p5_sc00060 2020936 2021004 69 100 4.00E31 
4 S.18695|31:T>A 69 p5_sc00060 964795 964727 69 100 4.00E31 
5 S.20683|53:C>T 69 p5_sc00060 1162278 1162210 69 100 4.00E31 
6 S.04059|60:C>T 69 p5_sc00060 931022 930954 69 100 4.00E31 
7 S.06735|57:G>A 69 p5_sc00060 590712 590780 69 98 9.00E29 
8 D.11731 69 p5_sc00060 1247526 1247458 69 100 4.00E31 
9 D.07554 69 p5_sc00060 1391164 1391230 67 98 1.00E27 
10 D.03252 69 p5_sc00060 1660903 1660958 56 100 2.00E33 
11 D.18642 69 p5_sc00060 2622690 2622758 69 100 4.00E31 
12 D.19581 69 p5_sc00060 1637564 1637632 69 98 9.00E29 
13 D.15798 69 p5_sc00060 609934 609999 66 98 6.00E27 
14 D.03941 69 p5_sc00060 573996 574049 54 96 2.00E17 
15 D.09551 69 p5_sc00060 419720 419660 69 100 4.00E31 
16 D.18579 69 p5_sc00060 414468 414524 57 100 5.00E24 
17 D.18844 69 p5_sc00060 224296 224232 69 100 9.00E29 
18 D.01380 69 p5_sc00060 647655 647715 69 98 9.00E29 
19 D.09664 69 p5_sc00060 582349 582281 69 100 4.00E31 
20 D.17026 69 p5_sc00060 689507 689575 69 100 4.00E31 
21 D.15322 69 p5_sc00060 419717 419785 69 100 4.00E31 
22 D.17430 69 p5_sc00060 3182584 3182516 69 100 4.00E31 
23 D.17106 69 p5_sc00060 324907 324975 69 100 4.00E31 
24 D.07313 69 p5_sc00263 175755 175823 69 100 4.00E31 
25 S.22560|37:G>C 69 p5_sc00263 623298 623365 68 98 4.00E28 
26 D.15745 69 p5_sc00263 472927 472862 66 96 1.00E24 
27 D.16672 69 p5_sc00051 3533842 3533774 69 100 4.00E31 

	
28 D.06444 69 p5_co354336 1481 1548 68 97 3.00E26 
29 D.13195 69 p5_co354336 1481 1549 69 100 1.00E31 
30 D.09886 69 p5_co661878 381 449 69 95 2.00E24 
31 D.10370 69 p5_co859148 172 240 69 100 1.00E31 

32 D.08807 69 Not hits 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	(Marker names and their corresponding scaffold name are shown to the right of each LG, with map distances (in cM) to the 
left. Scaffold p5_sc00060 with the shell gene was identified and scaffold p5_sc00263 were highlighted in margenta and blue, respectively, while 
other scaffold and orphan contigs were in green. Numbers were given according to the sequence location of DArTseq markers against genome 
assembly.  
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	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  	 The blue arrow highlights the genotype “a” of the 769/58 sample 
which should be a genotype “h” according to molecular marker genotyping.  
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 Saturation of the shellthickness region was performed by repeating the genetic 
mapping process with all available DArTSeq markers, regardless of missing data and 
quality scores. Denser maps around the  gene were produced for both F2 mapping 
populations separately as well as an integrated map (Figure 8.1). Apparent inversion 
and/or noncolinearities between these saturated maps were detected and the alignment 
of markers around the  gene region as compared to the  genome assembly 
also indicated locally inconsistent marker order with the genome sequence. This is 
likely to be an effect of variable missing data, lower quality markers and the difficult of 
mapping high density markers in small genetic intervals with any accuracy, particularly 
in small mapping populations. The potential mistyping of one of the populations may 
have further complicated the mapping, by making the  data essentially incompatible 
with the marker data.  
This locally inconsistent marker order was observed in other mapping studies of 
sorghum (Mace 
, 2009) as well as  (Petroli 
, 2012). Mace 
 
(2009) commented that inversion is a common feature of closely spaced markers and 
this arrangement could be real, error in one of the small populations or statistical 
uncertainty of orders at the cMscale that is inherent in datasets with small number of 
individual genotypes. Sample size is indeed vital for resolution of marker order during 
genetic map construction as it affects the power of linkage detection as well as the 
accuracy of recombination frequency estimation, particularly when a large number of 
markers are mapped with a limited progeny size (Alheit 
, 2011), as in the case of 
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the present study. Map integration of the closelyrelated 768 and 769 populations has 
partially resolved the ordering inconsistencies with better alignment of DArTSeq 
markers according to the genome sequence compared to individual maps.  
Meanwhile, Petroli 
 (2012) reported that several scattered DArT markers 
showing discrepancy between genetic maps and genome sequence were borderline in 
terms of marker quality and call rate parameters which could possibly contribute to the 
inconsistent marker order. It is believed that the inclusion of poor quality DArTSeq 
markers in the current high density map around the shellthickness region could have 
played a significant role in the observed ordering inconsistencies.  
Petroli  
 (2012) revealed that 96% of  DArT markers from 
conventional DArT microarray could be successfully aligned to the assembly of 
genome sequence with 97.1% of the probes confidently aligned to a single locus in the 
genome. Meanwhile, for the genetic mapping study of an F2 pesudobackcross of 
  x 
 , mapping of classical DArT markers to genome 
sequence assembly successfully covered 87% of the sequenced genome with highly 
conserved marker order between the genetic map and genome scaffold (Kullan 
, 
2012). Petroli 
 (2012) commented that the genomecoverage attributes of markers 
derived from the DArTSeq platform should remain essentially the same as those from 
the classical DArT array because the same genome complexity reduction method is 
applied in both platforms. Indeed, preliminary analysis of the 32 markers around the  
gene in the present study has shown that all, except one, markers unambiguously hit a 
unique position in the genome despite the short 64 bp tag sequence of the markers. It is 
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believed that this is the first study that reported alignment of DArTSeq markers to 
genome sequence, albeit at a small scale.   
Recently MPOB published the identification of the  gene, reported to be 
a homologue of the MADSbox gene   ( , also known as !"!#$%
  11) (Singh 
, 2013). It was reported that the  gene was positioned in 
T128 linkage group 7 and was mapped by sequence similarity to the assembly scaffold 
p3sc00043. Assembly p5sc00060 was an improved version of scaffold 43 and p5
sc00263 was reassembled from scaffolds p3sc00191, p3sc00203 and p3sc02216 
which were also associated with linkage group 7. This publication has confirmed the 
presence of the  gene in scaffold p5sc00060 reported in the present study (Figure 
8.2) and thus the identification of 24 closelylinked DArTSeq markers (<5 cM) to the 
 gene.  
The identification of a palm with discordant phenotype and genotype in the 
present study (Figure 8.3) has also been reported by Singh 
 (2013). Singh 
 
(2013) genotyped a total of 336 individual palms through sequencing of exon 1 of 
 gene in which 96.7% of palms showed to have concordant genotypes and 
phenotype but the remaining 11 palms (3.3%) had discordant phenotypes. The authors 
commented that phenotyping error in the field is believed to be in excess of 5%, 
emphasizing the importance for a molecular assay to predict fruit form more accurately. 
Due to variation in fertility, accurate phenotyping of fruit forms for oil palm trees 
grown in plantation could be difficult for some samples. Indeed, the fruit form of both 
mapping populations used in the present study was determined by the breeder in the 
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field and the fruit form was confirmed again during sampling. However, not all the 
palms were bearing fruits during sampling and hence not all palms identity were 
confirmed, including the 769/59 palm. The ability of the current set of DArTSeq 
markers around the  locus to pinpoint potential misphenotyping of fruit forms 
indicates the usefulness of these markers as a molecular screening tool for fruit form.  
In conclusion, a set of closelylinked shellthickness markers was successfully 
identified in the present study through saturation of the  region with all available 
DArTSeq markers. The homology search of DArTSeq markers flanking the  gene 
against the MPOB  genome assembly confirmed their close relationships with 
 gene. The identified shellthickness markers could be valuable as molecular 
screening tool for fruit form determination, and possible reveal the patterns of 
recombination in the region surrounding the  locus in different sources of 
germplasm.  
Additionally, preliminary analysis of the DArTSeq markers against the  
genome assembly produced a high level of unique hits, despite the short 64 bp tag 
sequence of the markers. This suggests that DArTSeq markers have a great potential in 
assisting the anchoring of genetic maps to genomic sequence.      
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 Oil palm () is the most productive oil crop in the world. Palm 
oil production accounted for 33% of total world vegetable oil production in 2011 with 
an average yield of 4 tonnes of oil per hectare per year (Montoya 
, 2013). Oil palm 
fruit can be divided into three different fruit types based on their shell%thickness trait, 
namely thick%shelled , shell%less, but often female%sterile,  and thin%shelled 
. , a hybrid from a cross between  and , is more productive for 
palm oil than  due to its thinner shell and increased mesocarp. Therefore the  
is almost exclusively the commercially planted oil palm genotype. The shell%thickness 
gene is the single most important gene of economic importance in oil palm breeding. 
 Oil palm is an out%crossing perennial tree crop with long breeding cycles and 
requires large planting areas for breeding trials. The identity of the fruit form can only 
be determined when the palms start fruiting 3%5 years after planting and each breeding 
selection cycle requires at least 12 years of phenotypic evaluation of testcrosses 
followed by inter%crossing of the best palms to form the basis of the next breeding cycle 
(Wong and Bernardo, 2008). Therefore the study of any economically and/or 
agronomically important trait can be very costly, time%consuming and labour%intensive.  
The employment of molecular biotechnology tools such as DNA markers and 
genetic mapping would greatly facilitate and expedite the identification and isolation of 
important genes/quantitative trait loci (QTL) for desirable traits which could in turn 
improve the efficiency of palm selection through marker%assisted selection (MAS). 
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Wong and Bernardo (2008) commented that molecular marker technology has the 
greatest potential for increasing gain per unit time and reducing the cost of oil palm 
breeding than in annual crops, such as maize.  
The objectives of the present project are to develop approaches for generating 
molecular markers, linkage mapping and QTL analyses in the oil palm, working on the 
important shell%thickness trait as well as other yield and vegetative growth traits, with 
the ultimate goal of developing tools to improve oil palm breeding efficiency.  
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 Three different molecular marker approaches were explored in the present 
project, namely Representational Difference Analysis (RDA) (Chapter 3), Amplified 
Fragment Length Polymorphism (AFLP) (Chapter 4) and DArT “Genotyping%by%
sequencing” (DArTSeq) (Chapter 5).  
 Chapter 3 reported not only the first RDA study coupled with Bulked Segregant 
Analysis (BSA) for identification of markers closely%linked with the shell%thickness 
gene but also the novel approach of combining RDA with the NGS technique that was 
reported by Ho  
 (2013). Compared to characterization of the RDA difference 
products through Sanger sequencing [Section 3.3.3 (c)], it was proven that this new 
approach generated large numbers of sequences that allow identification of those 
present at relatively low abundance as well as avoiding the need to go through 
laborious cloning and transformation process [section 3.3.6 (b)]. This is in accordance 
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with the comparative study of Sanger and 454 sequencing reported by Lee  
 
(2009) as discussed in chapter 3.  
The RDA study using the HI and dIII restriction endonucleases 
generated highly similar enrichment profiles between reciprocal analyses after three 
rounds of selective hybridization with increased stringency, although different enzymes 
gave different profiles (Figure 3.10 and 3.11). Assessment of the RDA technique with 
dIII%digested  DNA as a positive control spike suggested that enrichment of 
the target was happening, but not efficiently enough (Figures 3.12 and 3.13).  
Homology search of the assembled contigs generated from 454 deep%sequencing 
against the MPOB  genome assembly (Singh  
, 2013a; Singh  
, 
2013b) revealed that none of the putative contigs were close to the shell%thickness 
region whereas a search of the public database GenBank identified a significant 
number of repetitive sequences and organelle DNA such as mitochrondria and 
chloroplast DNA [section 3.3.6 (d)]. Characterization of common sequences from the 
RDA difference products indicates that the selective hybridization of the current 
study was ineffective in which common sequences were not excluded and potentially 
masked the presence of any real difference products, although the use of NGS did 
allow a deeper reading of the sequences present.  
Chapter 4 reported approaches to develop shell%thickness marker(s) using 
single%enzyme and conventional AFLP on legitimate  and  pools of the 
768, 769 and 751 controlled crosses. This is the first attempt to exploit single%enzyme 
AFLP to study traits of interest in oil palm genome. Around 100 polymorphic bands 
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per primer pair per sample were identified in the selective amplification profile in the 
present study, a typical observation for AFLP analysis (Vos  
, 1995). Previous 
studies reported that choice of suitable restriction enzyme is vital for generating 
informative profiles with reasonable numbers of polymorphic bands (Valsangiacomo 

, 1995). Among the five restriction enzymes tested for the present single%enzyme 
and conventional AFLP study, single%enzyme RI, dIII and conventional 
RI/I AFLP analyses generated the majority of the potential shell%thickness 
related%polymorphic bands (Table 4.5). Using the same combination of RI/I 
enzyme, a shell%thickness AFLP marker was generated from a La Mé (LM2T) x Deli 
 (DA10D) genetic background as reported by Billotte  
 (2005). The 
informativeness and usefulness of AFLP as an approach was proven in the present 
study, as the materials used were from different genetic backgrounds of Binga x 
Yangambi%AVROS (768 and 769) and Dumpy AVROS x Yangambi AVROS (751).  
 Both single%enzyme and conventional AFLP analyses generated promising 
polymorphic bands/profiles. The putative polymorphic bands could be further 
characterized and/or progenies from the 768 and 769 populations could be genotyped 
using the selected primer pairs to saturate the genetic linkage maps constructed in the 
present study (Chapter 6). This would allow the position of the putative AFLP markers 
to be determined. However due to time limitation, this part of work was not 
accomplished. It is, however, advisable to include appropriate positive and negative 
controls to reduce genotyping errors in further AFLP analysis (Pompanon 
, 2005). 
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 The third molecular marker approach developed was the DArT “Genotyping%
by%sequencing” (DArTSeq) platform, a relatively new high%throughput genome 
profiling method. This technique combines the use of the classical DArT genome 
complexity reduction method with next generation sequencing (NGS) to generate both 
dominant DArT markers and co%dominant SNP markers (Sansaloni  
, 2011). 
Chapter 5 presented the first report on genotyping of oil palm populations using the 
new DArTSeq platform.  
 In the present study, the markers generated using DArTSeq platform were 
chosen for progeny genotyping and the construction of genetic linkage maps (Chapter 5 
and 6). Classical DArT microarray has clear advantages in terms of cost and 
genotyping time as shown in various crops (Kilian 
, 2005; Wittenberg 
, 2005; 
Xia  
, 2005) whereas the DArTSeq platform was able to deliver more dominant 
DArT markers than the conventional microarray DArT method with an additional set of 
co%dominant SNP markers located outside the recognition site of the RE (Sansaloni 

, 2011; Cruz 
, 2013). Since both microarray DArT and DArTSeq platforms have 
the same development costs, a significant decrease in cost per data point for the 
DArTSeq platform and increase in the speed of analysis was reported (Cruz  
, 
2013). Indeed, the Illumina sequencing platform along with sample barcoding has 
allowed multiplexing of experiments such that many individual mapping projects can 
be performed in parallel, reducing the cost and effort needed to complete a mapping 
project (Blair 
, 2008), such is the case in the present study.  
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Development of SNP markers from other technologies requires DNA sequence 
and hence most SNP assays were developed for model organisms or major crops where 
large amounts of DNA sequence information are available (Rafalski, 2002). However, 
the genotyping%by%sequencing (GbS) approach such as DArTSeq platform requires no 
reference genome. The consensus of the read clusters across the sequences tagged sites 
becomes the reference for scoring of SNP markers (Elshire 
, 2013). As the SNPs 
are scored in a segregating population, they are partially validated, particularly if the 
segregation patterns permits mapping of the marker associated with the sequence tag. 
Generation of co%dominant SNP markers from DArTSeq platform in the present study 
was accomplished prior to the publication of the oil palm genome sequence by Singh 

 (2013a). Therefore the current study has proven that DArTSeq platform is suitable 
for SNP markers development followed by genetic mapping without relying on pre%
existing sequence information of the species of interest. 
 As presented in chapter 5, genotyping of the 768 and 769 F2 populations with 
the DArTSeq platform generated a total of 11,675 DArTSeq markers, 6,764 DArT and 
4,911 SNP, of good quality which were polymorphic. The markers generated not only 
allow the construction of high density genetic linkage map for analysis of 
qualitative/quantitative traits of interest, as in the case of the present study, but the high 
marker density and observed good genome coverage could also be employed for 
Genome%Wide Association Studies (GWAS) in oil palm. GWAS is a form of linkage 
disequilibrium (LD) mapping that investigates the genetic variation in the whole 
genome to detect signals of association for complex traits (Zhu 
, 2008).  
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  
		
 Genetic linkage mapping is an important tool for the analysis of qualitative and 
quantitative traits. The type and size of the mapping population can greatly affect the 
accuracy of genetic map constructed. Based on a simulation study, Ferreira 
 (2006) 
revealed that the higher the number of individuals the better the estimate of genome 
size. Two hundred individuals were required to construct reasonably accurate linkage 
maps for all population while F2 populations with co%dominant markers and RIL 
populations were more efficient populations for estimating recombination frequency. 
However populations with high number of individuals might not be feasible due to 
increased costs and labour required or may simply not exist for perennial and tree 
species, such as oil palm. Due to space limitations, a typical oil palm breeding 
programme has plot sizes of 10%20 palms planted in 3%6 replicates (Soh 
, 1990).  
In the present study, two closely%related  self%pollinated populations, 768 
and 769, with population sizes of 44 and 57 legitimate progeny, respectively, were 
chosen for the construction of the genetic maps. In order to increase the accuracy of 
genetic mapping, genotyping was performed with the high throughput DArTSeq 
platform to generate large numbers of dominant DArT and co%dominant SNP markers. 
In fact, Ferreira  
 (2006) commented that employment of more informative 
populations and markers would allow the use of lower number of individuals and 
maintain the efficiency of genetic mapping.  The selection of two populations with full%
sibs parents in the present study should also allow some map integration for higher 
accuracy of marker order. This is the first study that has employed the DArTSeq 
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platform for genotyping and genetic mapping in oil palm species. Chapter 6 reported 
the generation of the first high density DArT% and SNP%based genetic maps in oil palm 
for both the 768 and 769 populations.  
 The genetic linkage maps of the 768 and 769 populations spanned 1,874.81 cM 
and 1,720.61 cM, respectively (Table 6.4 and 6.5), comparable with the oil palm high 
density microsatellite%based genetic linkage map reported by Billotte 
 (2005; 1,743 
cM). The genome size of 
 is estimated to be 2C = 3.86 ± 0.26 pg which is 
equivalent to 1,887.54 ± 127 Mbp (Madon 
, 2008). It is estimated that the present 
genetic maps have high genome coverage although genetic distance is not linearly 
related to physical distance. The high genome coverage reported here correlates well 
with previous observations and the assumption that DArT markers from both the 
microarray and GbS platform display a reasonably uniform distribution throughout the 
genome with preferential targeting of gene%rich region (Kilian  
, 2012; Petroli 

, 2012).  
 Nevertheless, comparison of the genetic maps in the present study with the 
recently published genome sequence assembly of oil palm (Singh  
, 2013a) 
revealed discrepancies in linkage group size and possibly inconsistency in marker 
arrangement. Ranking of linkage groups generated in the present study according to 
their map lengths showed that LG 10 (cumulative of both A and B groups) was the 
second largest LG in both maps whereas LG 10 is the sixth largest chromosome 
according to published genome assembly. This might indicate a possible chromosomal%
assignment disagreement of markers from group B of LG 10 since mapping of LG 10 
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was not successful with the regression algorithm and the maximum likelihood mapping 
generated undesirably large gap in between part A and B of LG 10 (Chapter 6). Apart 
from the discrepancies found, LG 4 and 8 were the two largest and LG 5/13 was the 
smallest LGs generated from both genetic maps, concordant with their chromosomes 
size in the genome assembly. 
 The inconsistencies between the genetic maps and sequence assembly were not 
unexpected (DeWan  
, 2002a). Genetic mapping determines the relative position 
and distance of markers based on recombination frequencies. Recombination frequency 
between two markers depends on the informativeness of the markers and the number of 
individuals typed with limited numbers of meiotic events causing poor estimates of 
recombination frequencies and incorrect ordering of markers in small genetic regions 
(DeWan 
, 2002b). Indeed, mapping of multiple markers to the same location was 
more apparent in the map of the 768 population than the 769 population due to the 
lower number of individuals genotyped, hence the lower number of meiotic events 
analysed.  
 The accuracy of genetic maps is vital for fine mapping and for the isolation of 
genes for traits of interest. Given that the majority of the DArT markers unambiguously 
aligned to a unique position in the genome (Table 8.1; Kullan 
, 2012; Petroli 
, 
2012) and the availability of a genome assembly of oil palm (Singh 
, 2013a), the 
reported high density DArT% and SNP%based genetic maps in the present study can be 
improved. The information from both genetic maps and physical maps can be 
combined to correctly order the markers, particularly those closely%linked markers for 
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fine mapping. To achieve this, DeWan  
 (2002b) suggested that markers can be 
selected based upon (i) if its sequence%based physical map agrees with the genetic map; 
(ii) heterozygosity of the marker; and (iii) its map position was supported by a 
likelihood ratio ≥ 3. Based on these suggestions, a better framework map of the 768 and 
769 populations can be established by selecting highly informative markers, 
particularly co%dominant SNP and SSR markers, which are common to both 
populations and the map position tested for concordance to the published  
genome assembly. A full genetic map can then be constructed by fixing the marker 
order of the framework map to allow addition of more DArTSeq markers, without 
disturbing the best framework order of markers. This genetic map would offer the 
possibility of assigning unanchored scaffolds to assembled pseudochromosomes of the 
published genome assembly (Petroli  
, 2012), although for genomes with 
substantial scaffold fragmentation, it would require large numbers of progeny to allow 
fine order mapping to be accurate.  
 The high density DArT% and SNP%based genetic maps reported in the present 
study have the highest marker density compared to all the previously reported genetic 
maps reported in oil palm. By using the classical DArT microarray, a study of an F2 
pseudo%backcross of   x 
  also reported the densest 
genetic map in which a consensus linkage map was constructed using 2,229 DArT 
markers and 61 SSR loci resulting in an average marker density of 0.48 cM (Kullan 

, 2012). In another study of F1 cross of the same 
 x 
species, a 
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map was constructed from 2,484 markers (2,274 DArT markers and 210 microsatellite) 
with an average inter%marker distance of 0.5 cM (Petroli 
, 2012).  
 Clustering of DArT markers as well as the co%segregation of a number of DArT 
markers were observed in the above studies as well as other mapping studies using 
DArT markers (Akbari 
, 2006; Semagn 
, 2006d; Wenzl 
, 2006; Mace 

, 2009). This was also observed in the present study. Clustering of markers could be 
caused by an unbalanced distribution of recombination events along chromosomes (Lou 

, 2013; Mace 
, 2009) or may also be indicative of gene%rich regions in the 
genome (Alheit  
, 2011; Semagn  
, 2006d). I, the most commonly used 
restriction enzyme in the DArT assay for genome complexity reduction, is a CXG 
methylation%sensitive enzyme that cuts hypomethylated sequences which are often low%
copy and occur primarily in gene%rich regions of the genome (Schouten 
, 2012). 
Nevertheless, some local clustering of the markers in the present map could be due to 
the limited number of individual genotyped and hence limited recombination events for 
distinguishing between individual markers during map construction.  
 Although both genetic maps of the 768 and 769 populations shared high 
similarity in terms of grouping of markers into the same linkage groups and the location 
of such markers in terms of chromosomes (telomere vs centromere), the linear marker 
order between the maps was not completely congruent (Figures 6.1 and 6.2). The 
majority of observed marker order inconsistencies involved closely%spaced markers, 
covering about 1%5 cM, but in a few cases different marker orders also occurred over 
longer distances. Inconsistencies of marker order were commonly observed in plant 
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species especially when individual maps are integrated into the consensus map and it is 
believed that this phenomenon is mainly due to differences in recombination 
frequencies of marker pairs in populations of different sizes and type, probably due to 
the stochastic nature of recombination (Khan 
, 20112; Mace 
, 2009; Studer 

, 2010). These marker orders could be explained by statistical uncertainty of orders at 
the cM%scale due to the limited number of progenies in the datasets (Mace 
, 2009) 
or they could be caused by local rearrangements or segmental duplications of the 
genome. Khan 
 (2012) in their study of a multi%population consensus genetic map 
of apple observed this. All of the above explanations could possibly play a role in 
inconsistencies of marker order between the 768 and 769 maps. The construction of 
framework maps using highly informative common markers or anchored loci would 
have great potential for studying the presence of any real inversion or rearrangement of 
marker order between the 768 and 769 populations.   
 In the mean time, it is anticipated that whole genome re%sequencing of the 
parents of 768 and 769 populations, 228/05 and 228/06 respectively, would allow better 
understanding of the genome arrangement between the two closely%linked populations. 
With the recent publication of oil palm genome sequence by MPOB, whole genome re%
sequencing can be performed using economical massively%parallel next%generations 
sequencing technologies that generate short sequence read of 35%100 bases, such as 
Illumina SOLEXA and ABI SOLiD (Yann and Juan, 2010). The short reads can be 
mapped against the reference genome, allowing discovery of any genetic variations 
between the closely%related  self%pollinated populations and the reference 
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genome. Comparison of DArTSeq markers to the whole%genome sequencing would be 
beneficial to address the discrepancies in linkage group as well as inconsistency in 
marker arrangement. 
  			
 !	
 Chapter 7 reported a preliminary QTL study of important quantitative yield 
traits, bunch components as well as vegetative growth traits of the 768 and 769 
populations. Different sets of significant and putative QTLs were identified for each 
cross with no common significant QTL for any particular trait (Tables 7.13 and 7.14). 
Direct comparison with the study of Rance 
 (2001) working on similar phenotypic 
traits was difficult because of different marker types, mapping population structure and 
density of genetic maps used in the studies. Nevertheless, comparison with the study of 
Billotte  
 (2010) is possible with the presence of common anchored SSR loci 
deliberately included in the genetic maps of the 768 and 769 populations. No 
congruence of QTL locations was found between the two studies.  
 The size of the mapping population is the most important factor influencing 
QTL detection. The present QTL study has the smallest population size among all 
previously reported QTL studies on yield components as well as fatty acid components 
of oil palm (Billotte 
, 2010; Montoya 
, 2013; Rance 
, 2005; Singh 
, 
2009). The initial population size of the present study is limited due to the lack of larger 
available populations in the current breeding programme, while removal of the  
palms from QTL analysis due to their female%infertility character further reduced the 
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population size to 33 and 44 progenies for the 768 and 769 controlled crosses, 
respectively.  
 Limited population size not only led to low QTL detection power, particularly 
those QTLs with small or medium effects, but also over%estimation of the effects of 
detected QTLs (Beavis, 1998; Melchinger 
, 1997; Vales 
, 2005). This well%
known fact is further supported by a recent QTL mapping study by Pelgas 
 (2011) 
using two populations of 260 and 500 progenies. This study revealed that only 29% of 
QTL detected from 500 progenies were also identified using 260 progenies and the 
percentage of phenotypic variance explained for these 29% QTL in the 260 progenies 
were approximately twice as large as those obtained from 500 progenies. Although 
correction of bias due to sampling error was performed in the present study as 
suggested by Luo 
 (2003), the correction is minimal and hence it is believed that 
the corrected phenotypic variance explained by QTL identified in the present study 
could be overestimated.   
In view of the small family size of classical breeding trials of oil palm, multi%
parent QTL mapping like that tested in oil palm by Billotte 
 (2010) might be more 
effective in the detection and evaluation of the effects of QTLs. In fact, 16 out of the 44 
QTLs detected by the across%family model were not identified by the within% family 
analyses in the study by Billotte 
 (2010). The authors commented that the larger 
population size of multi%parent mapping design allows greater detection power for QTL 
of a given parent shared by several crosses but does not alleviate the effect of small 
number of individuals per cross, hence QTLs could be detected by one model but not 
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the other. This is obviously compounded by the fact that different effects will be 
segregating in the different populations within the cross design. It is anticipated that 
larger mapping population size, around 100 palms per family, coupling with multi%
parent QTL mapping approach would be beneficial for QTL analysis in oil palm.  
 Despite the numerous QTL mapping studies on various agronomically 
important traits in diverse crop species, QTL studies have shown limited application as 
markers used have not been reliable in predicting the desired phenotype due to low 
accuracy of QTL mapping studies and/or inadequate validation (Young, 1999; Semagn 
 
, 2006c). Therefore, identification of reliable QTL is a preliminary step in 
developing a successful marker%assisted selection (MAS). Marker should be validated 
in independent populations of different genetic backgrounds so that they can reveal 
polymorphism in a wide range of parental genotypes to be useful in breeding 
programmes (Collard 
, 2005). Also, QTL should be detected in populations which 
are intimately part of the current breeding programme. 
 The limitations of pedigree%based QTL mapping can be solved by Genome%
wide Association Studies (GWAS). By using large number of lines and varieties or the 
entire germplasm, GWAS detects common genetic variation segregating in the 
populations with higher mapping resolution, often down to single genes or individual 
nucleotides level (Korte and Farlow, 2013; Zhu  
, 2008). GWAS requires the 
availability of large numbers of polymorphic markers with density higher than the 
extent of linkage disequilibrium of the species of interest to detect significant 
associations between genotype and phenotype (Brachi  
, 2011; Semagn  
, 
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2010). High density parallel genotyping technologies such as DArTSeq platform 
reported in the present study could be a potential approach for GWAS. So far, GWAS 
have primarily focused on plants with short lifecycles, such as  , maize and 
rice, and there are no reported applications of this approach in oil palm, GWAS is 
believed to be particularly suited for perennial tree crops with long generation time 
(Iwata 
, 2013; Khan and Korban, 2012). 
"  #$
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 The construction of genetic maps using two closely%related  self%
pollinated crosses, 768 and 769, allowed a study of the shell%thickness region as well as 
other agronomically important yield traits. The high density genetic maps of the 768 
and 769 crosses were further saturated around the shell%thickness region with all 
DArTSeq markers regardless of their quality followed by integration of the two 
population maps (Figure 8.1). Homology search of markers flanking the  locus within 
5 cM against the MPOB  genome assembly revealed that 72% of tested 
DArTSeq markers were located to scaffoldp5_sc00060 in which the ! gene is 
reported to be located (Singh  
, 2013b).  This confirmed the identification of 
markers closely%linked with the shell%thickness region in the present study. The 
unambiguous alignment of DArTSeq markers to unique positions in the genome despite 
being short in sequence (64 bp) has proven that DArTSeq markers generated in the 
present study using the I enzyme are also likely to be targeting the gene%rich or 
unique sequence regions, similar to microarray DArT%based studies (Kullan  
, 
2012; Petroli 
, 2012).  
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Based on the reference  genome sequence, the ! gene has recently 
been mapped and sequenced in which allelic differences were found between  and 
 as reported by Singh  
 (2013b).  fruit forms were found to be 
caused by two independent disruptive SNPs that affect the highly conserved DNA 
binding and dimerization domain of a MADS%box gene. These mutations are accounted 
for the single%gene heterosis of  palms via heterodimerization.  
The oil palm industry has been facing a  contamination problem in 
commercial D x P seed due to poor crossing quality control (Kushairi and Rajanaidu, 
2000; Cheyns 
, 2001). It is of utmost importance to have a marker for the shell%
thickness gene to allow the industry to confirm the purity of commercial planting 
materials. Markers for the shell%thickness gene would allow fruit forms to be 
distinguished at the nursery stage before they are field planted and hence facilitate 
planting of the wanted fruit type and improve resource allocation. Accurate genotyping 
by the shell%thickness marker would also prevent mis%phenotyping of palm type as 
reported by Singh  
 (2013b). The authors commented that the fruit form 
phenotyping error is believed to be in excess of 5%, highlighting need for a diagnostic 
kit that can accurately identify fruit form. Genetic mapping analysis in the present study 
has also identified a potential mis%phenotyped palm, 769/59. The identity of fruits in 
the present study was previously determined by the breeder and confirmed again during 
leaf sampling for the project. However the fruit form of this particular palm together 
with some other palms were not confirmed as the palms were not bearing fruits during 
sampling. Therefore further examination and confirmation is required. As the incorrect 
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phenotyping is for a  palm, whereas the genotype of the surrounding markers is 
for a  fruit form, it is also possible that the mis%phenoyping has occurred because 
of the presence of an infertile , which are believed to occur at a low frequency. 
 The present study has successfully identified a set of 32 DArTSeq markers 
closely mapped to the flanking region of the shell%thickness gene. The identified SNP 
and DArT markers would be useful as in%house molecular screening tool of fruit form 
prior availability of commercialized kit develop from the ! gene. The published 
! marker could be used as positive control for validation of the identified 
DArTSeq markers.  
  &

 A number of approaches were used in this project for the development of 
molecular markers, linkage mapping and QTL analyses in oil palm, working on the 
economically important shell%thickness trait and other quantitative yield and vegetative 
traits. Major findings from the present study are listed below: 
1. The Representational Difference Analysis (RDA) approach was employed to 
develop markers linked to the shell%thickness gene using two different 
restriction enzymes, HI and dIII, which generated highly similar 
enrichment profiles in reciprocal analyses. Novel coupling of next%generation 
sequencing to RDA enabled a more comprehensive study of the enrichment 
profiles compared to Sanger sequencing. Identification of repetitive elements 
and organelle DNAs from the difference products indicates that common 
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sequences were not efficiently excluded during selective hybridization, masking 
the presence of real difference products (Chapter 3).  
2. Both single%enzyme and conventional Amplified Fragment Length 
Polymorphism (AFLP) were employed to develop markers linked to shell%
thickness gene and both generated putative shell%thickness related%polymorphic 
bands that require further validation (Chapter 4). 
3. Development of the first set of DArTSeq markers in oil palm through 
genotyping of two closely%related F2 populations, the 768 and 769, generated a 
total of 6,764 dominant DArT and 4,911 co%dominant SNP markers of good 
quality and were polymorphic (Chapter 5). 
4. Characterization and identification of a subset of 948 and 958 high quality 
polymorphic DArT markers as well as 719 and 729 SNP markers from the 
DArTSeq platform for the 768 and 769 populations, respectively (Chapter 5). 
5. Characterization of 36 polymorphic SSR markers derived from the public 
CIRAD database as anchored loci for genetic mapping (Chapter 5).  
6. Construction of the first high density DArTSeq genetic linkage maps of oil palm 
for the 768 and 769 populations (Chapter 6).  
7. Preliminary QTL mapping of 21 quantitative production, bunch components 
and vegetative growth traits identified four and two significant QTLs as well as 
34 and 30 putative QTLs for the 768 and 769 populations, respectively (Chapter 
7). 
8. Preliminary alignment of DArTSeq markers to the genome sequence indicated 
that DArTSeq markers are highly enriched for genic regions and can be used to 
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identify corresponding scaffolds to develop single locus markers for MAS 
(Chapter 8).  
9. Identification of markers closely%linked with the shell%thickness gene through 
saturation of maps around this region and alignment to oil palm  genome 
assembly (Chapter 8).  
 
 	'$
Nevertheless, the present study has several noteworthy limitations that will be 
discussed with recommendations made for future research.  
Development of shell%thickness marker(s) using Representation Difference 
Analysis (RDA) approach has gave rise to highly similar enrichment profile between 
reciprocal analyses as well as identification of >35% of repetitive sequences and 
organelle DNA. Successfully generation of high quality DArTSeq markers in the 
present study using I enzyme as genome complexity reduction approach suggesting 
that RDA analysis using I enzyme might potentially be useful in eliminating 
common repetitive sequences in the genome through its preferential targeting of 
hypomethylated gene%rich regions of chromosomes. It is also sensible to include a 
positive control in RDA study for enrichment assessment.  
The major limitation in the present study is the small population size of oil palm 
breeding available for genetic linkage mapping and QTL mapping. Despite the use of 
two closely%related  self%pollinated populations to allow combination of any 
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potential QTLs identified, different QTLs were identified in both populations with 
variable amount of variation are accounted for by the QTLs. It is anticipated that larger 
mapping populations, at least 100 palms, should be prioritized together with QTL 
mapping using multi%parent approach in order for QTL mapping to be beneficial for 
breeding of perennial tree crops such as oil palm. Meanwhile, establishment of 
framework maps using highly informative markers from both the 768 and 769 genetic 
linkage maps as well as whole genome re%sequencing of both parents would enable 
study of local inconsistency due to translocations and/or inversions.   
"  (
 In view of the recent publication of ! gene by MPOB (Singh  
, 
2013b), the RDA approach to identify markers linked to the shell%thickness gene should 
not be pursued any further. However methylation%sensitive RDA analysis using the I 
enzyme together with a positive control for enrichment assessment could be of potential 
for marker development and coupling of RDA and NGS would allow more 
comprehensive study of the enrichment profiles.  
 As for the AFLP approach, the single%enzyme RI, dIII and conventional 
RI/I approach with specific primer pairs that generated the putative shell%
thickness polymorphic profile could be used to genotype both the 768 and 769 F2 
populations,  to complement genetic maps and identify a map location for the AFLP 
markers identified by BSA. It is important, however, to include both positive and 
negative controls to reduce/evaluate genotyping errors in further AFLP analysis.   
	
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 Establishment of the new framework maps utilizing highly informative markers, 
such as co%dominant SSR and SNP markers, which are common between the 768 and 
769 populations would allow a better comparison between the two populations for 
study of potential inversions and genome arrangements.  
Lastly, it is of great interest to validate and convert the closely%linked DArTSeq 
markers identified in the present study to PCR format that can be utilized as a 
molecular tool for verification and/or determination of fruit forms early in the nursery 
stage. The identity of potentially mis%phenotyped 769/59 palm should also be 
confirmed once the proposed PCR%based screening tool and/or the published ! 
marker is available commercially.  
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